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ALTERNATE CONVERSIONS OF GLYCEROL TO 
DIHYDROXYACETONE IN ACETOBACTER 
SUBOXYDANS* 


By JENS G. HAUGE,{ TSOO E. KING, anp VERNON H. CHELDELIN 


(From the Department of Chemistry and the Science Research Institute, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, September 13, 1954) 


Acetobacter suboxydans produces dihydroxyacetone! from glycerol in high 
yields, either in the usual fermentation (1) or with resting cells (2, 3). 
DHA is oxidized further, but at a much lower rate. The present communi- 
cation deals with the individual steps involved in the oxidation of glycerol 
by cell-free extracts of A. suboxydans, leading to the oxidation level of 
DHA. Details of the mechanism for dissimilation of DHA are given in 


the following paper (4). 


Materials and Methods 


Organism—A. suboxydans, ATCC 621, was used for the experiments. 
It was maintained on agar slants and transferred at weekly intervals. 
Transfers for inoculum were made into the growth medium to be used, as 


described below. 

Reagents—ATP and DPN were commercial products obtained from the 
Pabst Laboratories. The ATP was found to be 94 per cent pure with 
respect to acid-hydrolyzable P. Of the total P content, 3.8 per cent was 
inorganic. 15 to 20 minute hydrolysis in 1 N acid was found to be neces- 
sary for complete release of the two P groups. TPN was obtained from 


* This work was supported by grants from the Nutrition Foundation, Inc., the 
Rockefeller Foundation, the Lilly Research Laboratories, and the Division of Re- 
search Grants and Fellowships, National Institutes of Health, United States Public 
Health Service. Published with the approval of the Monographs Publications Com- 
mittee, Research paper No. 251, School of Science, Department of Chemistry. Taken 
from the dissertation for the degree of Doctor of Philosophy of Jens G. Hauge, 
Oregon State College, 1954. 

t Fellow of the Royal Norwegian Council for Scientific and Industrial Research. 
Present address, Institute for Enzyme Research, University of Wisconsin, Madison. 

! The following abbreviations are used throughout this paper: DHA, dihydroxy- 
acetone; ATP, adenosinetriphosphate; CFE, cell-free extract; CoA, coenzyme A; 
DHA-P, DHA phosphate; DPN, diphosphopyridine nucleotide; GL-a-P, glycerol- 
a-phosphate; GL-8-P, glycerol-8-phosphate; P,, alkali-hydrolyzable phosphate; 
P;, inorganic phosphate; TCA, trichloroacetic acid; TPN, triphosphopyridine 
nucleotide; TTZ, triphenyltetrazolium chloride; TTZH, reduced TTZ (formazan); 
GL-P, glycerol phosphate; Tris, tris(hydroxymethyl)aminomethane. 
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2 GLYCEROL CONVERSION TO DIHYDROXYACETONE 


the Sigma Chemical Company. Glycerol-a-P was kindly furnished by 
Dr. B. L. Horecker, and was also isolated from a commercial mixture of 
the a and 8 phosphates (Na salt) obtained from General Biochemicals, Ine. 
The separation of glycerol phosphates was performed with a 200 to 400 
mesh strong base anion exchanger (Dowex 1), following the method of 
KXhym and Cohn for separation of sugar phosphates (5); a 25 & 2.5 cm. 
column was washed with 2 n HCl and then washed acid-free with water. 
3.9 gm. of the glycerol phosphates were freed of cations on a strong acid 
exchanger (Dowex 50) in the hydrogen form, and then neutralized with 
ammonia to pH 8.5 and placed on the Dowex 1 column. Elution was 
started with 0.025 m NH,CI-0.01 m K.B,O;, and the borate concentration 
was reduced in a stepwise manner. This did not result in any appearance 
of GL-P in the eluate, as shown by spot tests on filter paper for organic 
P. Elution with 0.005 m HCl and 0.01 m HC] was likewise negative, but. 
when the eluent was changed to 0.02 m KCI-0.02 HCl, selective displace- 
ment of the isomers was achieved. This was evident from a comparison 
of the enzymatic assay results with the spot tests for organic P: only the 
a isomer was enzymatically oxidized (see ‘“‘Results”’). The fractions which, 
judged from paper chromatography, contained only GL-a-P were pooled 
and evaporated to dryness from the frozen state. The dry material was re- 
dissolved in water at pH 8.2. To this were added 0.5 volume of 1 m BaCl, 
and 3 volumes of acetone. Yield when dried, 340 mg. of Ba salt, which 
was found by paper chromatography to be free of P; and glycerol-s-P. 

Analytical Methods—For colorimetric determinations a Bausch and 
Lomb monochromatic colorimeter was employed. Oxidations with Oz as 
the final electron acceptor were followed by standard Warburg mano- 
metric techniques. Other experiments employed commercial triphenyl- 
tetrazolium chloride in vacuo as the electron acceptor. 3 or more volumes 
of acetone were added at the end of the reaction to precipitate the protein 
and dissolve the reduced tetrazolium. After centrifugation of the solution, 
the color intensity was determined. A standard curve relating micro- 
moles of TTZH per 10 ml. of volume to optical density was prepared from 
samples of TTZ* that had been enzymatically reduced with a large excess 
of substrate. 

Other colorimetric determinations may be carried out on reaction mix- 
tures containing TTZH. Trichloroacetic acid will precipitate the un- 
changed TTZ, and one centrifugation thus removes both TTZ+, TTZH, 
and protein material. Possible interference in sugar and P tests that 
involve reductions is thus eliminated. 

For P; and organic P determinations, the Fiske-Subbarow method was 
used (6) on a 2.5 ml. total volume scale. Alkali-hydrolyzable P plus P; 
was determined as above after 20 minutes hydrolysis with 1 n NaOH at 
room temperature, and P, obtained by difference. 
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Paper Chromatography—Whatman filter paper No. 1 was cut into sheets 
of 6 X 22 inches and washed with 1 N HCl. Before the final wash with 
deionized water, the papers were treated with a 0.02 per cent Versene 
solution. The solvent system used routinely was ethyl acetate-acetic 
acid-water in the ratio 3:3:1 (7). Descending chromatograms were run 
at room temperature. The solvent front reached the bottom of the paper 
in 8 to 10 hours, and was usually allowed to proceed onto a filter paper 
roll taped to the chromatogram. This device allowed a more uniform and 
faster flow off the paper than could be obtained by drainage. After 15 
to 20 hours the papers were removed and dried before a fan. The phos- 
phate esters were located on the chromatograms by the method of Hanes 
and Isherwood (8). 

Preparation of Cells—The major part of the cell material was produced 
by aerating batches of 200 liters of inoculated medium in a modified coni- 
cal-cylindrical steam-jacketed kettle. To 200 liters of water were added 
20 pounds of glycerol, 4 pounds of Difco yeast extract, 2 pounds of KH2POu,, 
and 0.3 pound of glucose. The mixture was boiled 30 minutes, with 5 to 
10 pounds pressure in the jacket. While the medium was cooling, some 
air was admitted through the aeration system to keep a slight positive 
pressure in the kettle. Dispersion of the air was accomplished through a 
system of twelve spherical spargers connected radially to an inlet tube in 
the center of the kettle. The air was preheated, with the heater thermo- 
statically controlled, so as to keep the medium at 30° during growth. The 
medium was inoculated with 10 liters of broth of the same composition 
containing an actively growing A. suboxydans culture. After 40 to 60 
hours, the cells were harvested in a Sharples supercentrifuge, resuspended 
in a Waring blendor into 4 liters of 0.05 m phosphate buffer at pH 6, and 
shaken at room temperature for 1 hour to deplete them of oxidizable sub- 
strates. The cells were then recentrifuged and suspended twice in dis- 
tilled water, and, after the last centrifugation, were freeze-dried in vacuo. 
Yields varied from 50 to 80 gm., dry weight (0.25 to 0.4 gm. per liter). 
Purity of the cultures was checked by microscopic and plate methods. 

Preparation of Cell-F ree Extracts—These were obtained by grinding with 
alumina (Alcoa A-301) (9). The soluble preparations were usually made 
from 2.5 gm. of freeze-dried cells and were stored at —10°. In order to 
remove nucleotides such as CoA, ATP, and DPN, this crude extract was 
treated for use in certain experiments with Dowex 1, following a procedure 
by Novelli and Schmetz (10). 


Results 


Phosphorylative and Non-Phosphorylative Oxidation of Glycerol—Resting 
cells oxidized glycerol most rapidly at pH 6 to 7. This was also the pH 
range that permitted the greatest yield of DHA during fermentation (1). 
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The oxidation rate diminished about 30 per cent at pH 8.0, and nearly 
disappeared at pH 8.5 (Table I). A corresponding decrease was observed 
for the cell-free extract. However, at pH 8.5 it was possible to obtain 
rapid oxidation when ATP was added. ATP was usually without influ. 
ence at pH 6.0, although some stimulation was noted in a few experiments. 
A phosphorylative oxidation of glycerol at the alkaline pH was also indi- 


TABLE I 
Phosphorylative and Non-Phosphorylative Oxidation of Glycerol 
Qo, 
pH 6.0 pH 8.5 
Whole cells | CFE* Whole cells | CFE* 

| 10 oe 0 06 | 


* Cell-free extract. 

Each Warburg vessel contained 50 wmoles of malate buffer at pH 6.0 or 100 umoles 
of Tris at pH 8.5, 5 umoles of MgCl:, 0.2 ml. of 20 per cent KOH in the center well. 
The ATP concentration was 1 umole per ml. wherever ysed. The whole cell experi- 
ments contained in addition 40 wmoles of glycerol, 10 mg. of cells (dry weight), and 
water to 3 ml. 3 umoles of DPN were added, together with ATP at pH 8.5. The 
CFE experiments with O2 had 30 umoles of glycerol, 20 umoles of NaF, and 1 ml. of 
CFE in a total volume of 2 ml.; atmosphere = air. The tubes in the TTZ experi- 
ments were incubated in vacuo with 5 umoles of glycerol, 50 uzmoles of Tris, 10 umoles 
of NaF, 2.5 uymoles of MgCle, 5 umoles of TTZ, 0.1 umole of DPN, and 0.1 ml. of CFE 
in a total volume of l ml. Qo, for whole cells, microatoms of O2 per mg. of dry cells 
per hour; for CFE, microatoms of O2, or micromoles of TTZ per ml. of CFE (27 mg., 
dry weight, 18 mg. of protein) per hour. Time intervals used to compute Qo, (usu- 
ally 20 to 40 minutes) were sufficient to permit conversion of up to 20 per cent of the 
added glycerol to DHA. Temperature, 30°. 


cated when TTZ was the final electron acceptor in cell-free extracts. The 
elucidation of this mechanism was then sought with the latter system. 
Requirement for DPN, ATP, and Mg—Oxidation of glycerol in alkaline 
medium takes place only in the presence of DPN. In Fig. 1, A, the maxi- 
mal activity was achieved with 10-* m DPN. In most experiments a 
slight drop in oxidation rate was observed when the DPN was increased 
10-fold, although in others the curve reached a plateau above 5 X 10~‘ M. 
The reduced activity at high concentrations may possibly be due to a 
binding of Mg*t* which is also needed for the oxidation. Experiments 
reported below confirm this explanation. TPN was not active as an elec- 
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tron acceptor with this dehydrogenase. The endogenous oxidation rate in 
this and the other TTZ experiments was practically zero. 

ATP was not active in catalytic amounts. When its concentration was 
increased beyond a certain threshold value, it stimulated the oxidation 


(A) (B) 

0-2|— 

@ 

oO 
U moles DPN per ml: moles ATP per ml: 
7 

“ O4 ingredient missing 


45 minutes: 
OPN, TTZ 
eDPN, TTZ,ATP 


0 | | J 0 | | 
O 5 10 15 20 
U moles Mg per mil: TIME (minutes) 


Fic. 1. The lag period in glycerol oxidation, and the requirement for DPN, 
ATP, and Mg**. A, the reaction mixture contained 5 wmoles of GL, 25 umoles of 
Tris at pH 8, 5 umoles of TTZ, 10 uwmoles of F~, 2.5 ymoles of Mgt*, 1.0 umole of 
ATP, 0.1 ml. of Dowex-treated CFE, graded levels of DPN, and water to 1.0 ml. 
Time, 60 minutes. #8, conditions as in A, except that 0.1 umole of DPN was used 
throughout, and the ATP concentration varied as indicated. (, conditions as in 
B, except that 1 umole of ATP was used, and the Mg** concentration varied as indi- 
cated. D, conditions as in A, except that 2.5 umoles of Mg**+ were used. The re- 
action mixture was incubated without DPN, TTZ, or the indicated missing ingredi- 
ent for 45 minutes, then was added as shown. The values for TTZH production in 
the respective experiments are not strictly comparable, since they were performed 
at different times. 


(Fig. 1, B), and was most effective in concentrations approaching that of 
the substrate (complete data are not shown). For routine work, | umole 
of ATP was used per ml., since at higher levels it was oxidized itself, or 
stimulated some endogenous oxidation. 

Mg?*+ was obligatory in the reaction mixture (Fig. 1, C), particularly 
with Dowex-treated extracts. Apparently Dowex 1 removed much of the 
Mg++ present. This may have been due to adsorption or to binding by 
the nucleotides removed by the anion exchanger. However, when the 
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6 GLYCEROL CONVERSION TO DIHYDROXYACETONE 


Mg** concentration exceeded 2.5 X 10-* M, a gradual decrease in the rate 
of oxidation was observed. 

Lag Period in Glycerol Oxidation—In the previous experiments, the oxi- 
dation was stopped when sufficient TTZH was produced to give useful 
readings in the colorimeter. When the development of color was followed 
with time, there was an initial period during which no detectable oxidation 
took place. After the oxidation began, it proceeded with uniform velocity 


TABLE IT 
Chromatography of Phosphate Esters from Glycerol-ATP Reaction 
Sample | Position constants observed* 
A. Reaction mixture = ATP + CFE........... 0.11 0.46 (Faint) | 


* The position constant is the distance traveled by the compound divided by 
the distance traveled by P;. For components of the reaction mixture, see the text. 


TABLE III 
Formation of Triose P from GL-a-P in A. suborydans 
Time TTZH : Triose P 
0 0.00 | 0.00 
60 : 0.56 | 0.29 
| 0.54 


120 | 1.60 


6 umoles of GL-a-P were incubated with 0.2 ml. of CFE, 5umoles of TTZ, 0.1 umole 
of DPN, 50 umoles of Tris buffer at pH 8.0, 10 umoles of F~, and HzO tol ml. Tem- 
perature, 30°. Triose P was measured as alkali-labile P (P,). 


for a considerable time. Reducing the amount of ATP prolonged the lag 
period. 

These facts suggested that glycerol must be phosphorylated before it 
can be oxidized, and that the lag period corresponded to the time neces- 
sary for sufficient phosphorylation to take place to allow visible oxidation. 
It was therefore thought that the lag period might be removed by preincu- 
bating the CFE anaerobically with all the components except TTZ and 
DPN. The addition of these compounds could then be expected to permit 
immediate oxidation, whereas omission of glycerol or ATP during the pre- 
incubation period should result in a new lag period. This was found to 
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be true, as shown in Fig. 1, D. When GL-a-P was then substituted for 
glycerol and ATP, no lag period was observed, and the oxidation pro- 
ceeded at the same rate in the absence of ATP as for glycerol in the pres- 
ence of ATP. (GL-8-P was inert. 

Chromatographic Identification of GL-a-P from Reaction Mixture—The 
preceding experiments pointed strongly toward the existence in the reaction 
mixture of a phosphorylated derivative of glycerol, presumably GL-a-P. 
A chromatographic analysis of the reaction mixture was accordingly under- 
taken. 10 umoles of ATP were incubated with a large excess of glycerol 
in the presence of 25 umoles of MgCls, 100 umoles of NaF, 250 umoles of 


A 8B 
tris 
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ran) 
WwW 
= tris 
= 
WwW 
ar 
N 
7p) / 
= if 
7 8 9 10 7 8 ie) 10 
pH pH 


Fic. 2. pH effect upon the oxidation of glycerol and glycerol-e-phosphate. A, 
0.1 ml. of CFE was incubated with 2.5 ymoles of GL, 25 umoles of Tris or NH3, 1.25 
umoles of Mg**, 5 umoles of F~, 0.5 umole of ATP, 2.5 umoles of TTZ, 0.05 umole 
of DPN, and water to 0.5 ml.; time, 30 minutes; temperature, 30°. B, conditions 
as in A, with ATP and Mg** omitted and 1 umole of GL-a-P replacing GL. 


Tris buffer (pH 8), and 1 ml. of CFE; volume, 10 ml. A blank was in- 
cluded containing no glycerol. The mixture was allowed to react in vacuo 
at 30° until a definite red color developed (about 30 minutes) in an aliquot 
of the reaction mixture to which had been added TTZ and DPN. TCA 
was then added to a concentration of 3 per cent, and the protein centri- 
fuged off at high speed. ‘The supernatant fluid was extracted five times 
with ether, adjusted to pH 4, and the liquid lyophilized. The residue 
was dissolved in 0.2 ml. of H.O and applied on the chromatogram, in quan- 
tities of 6 ul. per spot. The results of the separation are shown in Table IT. 

It is apparent that a new phosphate compound had appeared in the 
reaction mixture in the presence of glycerol, and that its position on the 
chromatogram approximated that of GL-a-P. 

Oxidation of GL-a-P; Mg**t-DPN Interaction—When GL-a-P was oxi- 
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dized, formation of triose P could be observed. This is shown in Table 
Ill. Mg** was not required for this oxidation; however, when a series of 
Mgt* and DPN levels was examined, it was found that the higher the 
Mg", the higher must be the DPN concentration to maintain a given 
oxidation rate. 

pH Optimum for Oxidation of Glycerol and GL-a-P—Fig. 2, A shows that 
the maximal oxidation rate of glycerol extends from pH 7.8 to 8.5, drop- 
ping rather sharply in more acid or alkaline media. When GL-a-P was 
the substrate, the peak narrowed to produce a sharp optimum at about 
pH 8.5 (Fig. 2, B). When NH,OH was used as a buffer, a shift in the 
optimum to pH 8.8 occurred. 


DHA 
(0 dee 
GL DHA-P 
(ATP 
GL-a-P 
DIAGRAM 1 
DISCUSSION 


The data presented show the existence of a glycerokinase, a glycerol 
dehydrogenase, and a GL-a-P dehydrogenase in the soluble cell-free ex- 
tract of A. suborydans. As shown in the following paper (4), the extracts 
also contain a DHA kinase, and the accompanying two routes, given in 
Diagram 1, from glycerol to DHA-P are therefore possible. The presence 
in the extracts of a very active triose phosphate isomerase (4) did not 
allow the identification of the first isomer produced in Reaction 2. Based 
on steric considerations (11), however, DHA phosphate would be expected 
to be the primary product. A need for DPN with the glycerol dehydro- 
genase was not detected. ‘This oxidation may possibly be coupled directly 
to a cytochrome. This might also furnish an explanation why TTZ is 
not reduced by the glycerol dehydrogenase, since intervention of a flavo- 
protein would presumably be necessary for the latter reaction. 
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Reaction 2, coupled to Reaction 1, was employed to measure the rate 
of phosphorylation of glycerol when the concentrations of glycerol, ATP, 
and Mg were varied. At higher concentrations of Mg*+ (above 2.5 umoles 
per ml.; Fig. 1, C), the decrease in rate of formation of TTZH was pro- 
nounced. ‘This may be explained simply in terms of formation of a Mg- 
ATP complex (12), which would limit the formation of the postulated 
intermediary ATP-Mg-enzyme complex and, accordingly, the GL-a-P for- 
mation. In addition, the Mg*+-DPN interaction noted above would con- 
tribute to lower oxidation at high concentrations of Mgt*. Such complex 
formation of Mg** by nucleotides may be responsible for its removal from 
cell-free extracts by anion exchange resins. 

A partial stimulation of oxygen consumption by ATP has been observed 
in a few preparations at pH 6.0. The failure to reproduce this is in all 
probability due to the generally observed absence of kinase activity below 
pH 7 (Fig. 2). Maintenance of a slightly acid environment during fermen- 
tation may thus operate to prevent the functioning of both the glycerol 
and DHA (4) kinases, and effectively to inhibit the further utilization of 
DHA under these conditions, as discussed in a previous communication (3). 


SUMMARY 


The oxidation of glycerol by cell-free extracts of Acetobacter suboxydans 
has been found to proceed by two pathways: one, which is apparently 
independent of ATP and DPN, proceeds at pH 6 to the formation of 
dihydroxyacetone; the other, with a pH optimum about 8.5, requires the 
participation of ATP and Mg** in a kinase reaction, to yield glycerol-a- 
phosphate. The latter is then oxidized by a DPN-dependent dehydro- 
genase to form dihydroxyacetone phosphate. 
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OXIDATION OF DIHYDROXYACETONE VIA THE PENTOSE 
CYCLE IN ACETOBACTER SUBOXYDANS* 


By JENS G. HAUGE,t TSOO E. KING, ann VERNON H. CHELDELIN 


(From the Department of Chemistry and the Science Research Institute, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, September 13, 1954) 


Acetobacter suboxydans has for many years been regarded as an organism 
possessing broad but limited ability to attack sugars and other polyhydroxy 
compounds (1). More recently, it has become apparent that the organism 
possesses a number of enzymes for more extensive dissimilation of sub- 
strates such as glucose, glycerol, and sorbitol (2). On the other hand, di- 
and tricarboxylic acid cycle activities appear to be absent in this organism 
(3), and several important components of the normal Embden-Meyerhof 
pathway are also lacking. 

In the present work attention has been focused on dihydroxyacetone! 
in an attempt to trace its fate in the oxidative machinery of the cell. In 
order to study individual reactions and to allow the free access of phos- 
phorylated intermediates to enzyme surfaces, the organization of the whole 
cells was in nearly all experiments sacrificed and soluble cell-free extracts 
were employed. 
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V.H., Nature, 174, 1104 (1954)). 

t Fellow of the Royal Norwegian Council for Scientific and Industrial Research. 
Present address, Institute for Enzyme Research, University of Wisconsin, Madison. 

' The following abbreviations are used throughout this paper: ATP, adenosine- 
triphosphate; DHA, dihydroxyvacetone; DHA-P, dihyvdroxyacetone phosphate; 
DPN, diphosphopyridine nucleotide; F-6-P, fructose-6-phosphate; FDP, fructose- 
1,6-diphosphate; G, glucose; G-6-P, glucose-6-phosphate; GLA, glyceraldehyde; 
GL, GLA-P, glveeraldehyde-3-phosphate; GL-e-P, glyeerol-a-phosphate ; 
P,, alkali-hydrolyzable phosphate; inorganie phosphate; 6-PGA, 6-phospho- 
gluconiec acid; R, ribose; R-5-P, ribose-5-phosphate; SH, sedoheptulose; SH-P, sed- 
oheptulose phosphate; TCA, trichloroacetic acid; TPN, triphosphopyridine nu- 
cleotide; TTZ, triphenylitetrazolium chloride; CFE, cell-free extract; PC, position 
constant; Tris, 
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Materials and Methods 


These were as described in the preceding paper (4), with the following 
additions. 

Reagents—Ribose and ribose-5-phosphate, Ba salt, were obtained from 
the Schwarz Laboratories, Inc. The latter possessed 97 per cent of the 
theoretical organic P content, and its ribose equivalent was 100 per cent, 
as measured by the orcinol test (5). However, paper chromatography 
revealed three phosphate spots, and it seems likely that other ribose (or 
ribulose) phosphates may have been present in this preparation. Glucose- 
6-phosphate was obtained from the Sigma Chemical Company as the Ba 
salt. Its total P content was 78 per cent of the theoretical value, and 
inorganic P comprised 3 per cent of the total. DHA was obtained from 
the Krishell Laboratories, Inc. Fructose-1 ,6-diphosphate was obtained 
from the Schwarz Laboratories, Inc., as the Mg salt. It was about 68 
per cent pure as measured by the resorcinol assay (5). After concentration 
by ion exchange chromatography and precipitation as the Ba salt, as sug- 
gested by Hers et al. (6), the product possessed a ratio of organic P to 
fructose of 2.01:1, although the organic phosphate content was only 80 
per cent of theory. Dihydroxyacetone phosphate was prepared from FDP 
through the action of a partially purified yeast aldolase (described below) 
in the presence of hydrazine. The triose P, separated from unchanged 
FDP by ion exchange chromatography, contained only about 10 per cent 
glyceraldehyde-3-P, due to the presence of some triose P isomerase in the 
aldolase preparation. Further separation of the triose phosphates was 
not carried out, since it was found that A. suborydans cell-free extracts 
also contain this isomerase and thus establish an equilibrium between the 
two isomers. The hydrazone of DHA-P was decomposed by treatment 
with benzaldehyde, and the DHA-P was precipitated as the Ba salt after 
extraction of excess benzaldehyde with ether. 6-Phosphogluconic acid 
was prepared according to Seegmiller and Horecker (7) from G-6-P.  Al- 
though the 6-GPA gave only one phosphate spot when chromatographed 
on paper, either with ethanol-acetate-water or ethyl acetate-acetic acid- 
water as solvents, analysis revealed only 82 per cent of the theoretical P 
content. Of this, 4 per cent was Pj. 

Analytical Methods—-A Beckman model B spectrophotometer was used 
for absorption spectrum analysis. For P determination, the method of 
Martin and Doty (8) was in some instances superior to the one of Fiske 
and Subbarow (9). The time curves for enzymatic release of P; from 
phosphorylated metabolites, for example, were studied by this method: 
0.1 ml. aliquots of the enzyme reaction mixture were at intervals pipetted 
into the two-phase system of 1 ml. of isobutyl aleohol-benzene, 0.4 ml. of 
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water, and 0.2 ml. of silicotungstate reagent. The protein material pre- 
cipitated and accumulated at the interphase. At the end of the experi- 
ment ammonium molybdate was added, and the 8 ml. tubes were shaken 
vigorously for 15 seconds. This brought the phosphomolybdate into the 
organic phase. A 0.5 ml. aliquot was removed and diluted to 1.9 ml. 
with acid alcohol. Stannous chloride was then used to produce the molyb- 
denum blue color. The color intensity from a given amount of Pj was 
about 3.5 times as high in the Martin-Doty method as in the Fiske-Sub- 
barow determination. It has recently been pointed out that the develop- 
ment of the molybdenum blue directly in trichloroacetic acid extracts may 
lead to considerable error due to various interferences, and that the phos- 
phomolybdate should be extracted into an organic phase before reduction 
(10). 

GLA-P was determined as alkali-labile P before and after oxidation by 
iodine; the 3-phosphoglycerate produced was stable to alkali (11). 

Ribose P was determined by the orcinol test at 660 my, following the 
method outlined by LePage (5). Hexose and heptulose derivatives ab- 
sorbed light in the range 500 to 600 my, but with lower intensities than 
pentose. At 660 muy, the relative absorptions given by equimolar concen- 
trations of ribose, fructose, and glucose were 1.0, 0.10, and 0.05, respec- 
tively. Simultaneous assay for sedoheptulose and hexose phosphates was 
carried out with the cysteine-sulfuric acid test (12). Absorption curves 
for various compounds reacting with the orcinol and cysteine reagents are 
given in an accompanying paper (13). 

Aldolase activity was measured according to Sibley and Lehninger (14) 
and from the production of P,, in both cases with FDP as substrate. 
When the two methods were used simultaneously, there was good agree- 
ment between the assay values. Hydrazine was ineffective in trapping 
the triose phosphates in a 1:1 ratio in the present work. Invariably an 
absorption spectrum was produced with a peak at 540 my, whereas the 
DHA and glyceraldehyde derivatives showed absorption maxima at 530 
and 440 muy, respectively. 

Enzyme Preparation—Yeast aldolase was concentrated from brewers’ 
yeast through alcohol and acetone precipitations of Lebedev juice, accord- 
ing to a method given by Warburg (15). 

Paper Chromatography—Procedures were the same as in the preceding 
communication (4). In general, phosphate esters in the reaction mixtures 
were identified by comparison with authentic samples added to reaction 
blanks. The effects of other compounds in the concentrated reaction mix- 
tures on the mobility of the esters were thus compensated for. A list of 
position constants, relating the mobility of a particular compound to that 
of Pj, is given in Table I. 
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Results 


Oxidizability of DH A—The oxidation of DHA proceeded only after an 
initial lag period. This was observed first for resting cells, as shown in 
Fig. 1, where the rate of oxygen consumption was consistently lower than 
the rate of glycerol (GL) oxidation beyond the DHA stage. This defi- 
ciency was largely removed by preincubating the organisms with DHA. 
Adaptive enzyme formation was suggested by this behavior, but was ruled 
out by the fact that this stimulatory effect was produced not only by DITA 


TABLE I 
Position Constants and Rp Values of Some Phosphate Esters 


Compound | PC* Rr | Solvent system 
Pyrophosphate.............. | 0.58 | water (3:3:1) 
0.94 | 
0.40 | 
0.19 80% ethanol, 08% AcOH- 


* PC = the position constant = the distance traveled by the compound divided 
by the distance traveled by Pj. 


but also by a number of other substrates oxidizable by A. suboxrydans, 
including glycerol, glucose, sorbitol, sorbose, and ethanol. If on the other 
hand the cells were preincubated with buffer alone, or acetate or citrate, 
which could not be oxidized, no stimulation was observed. This indicated 
that DHA underwent some endergonic conversion prior to its oxidation, 
possibly involving phosphorylation. 

Experiments with cell-free extracts confirmed this suspicion. The oxi- 
dation, which was catalyzed by Mg** and diphosphopyridine nucleotide 
and required adenosinetriphosphate in substrate amounts, was preceded 
by a lag period of 25 minutes. When the concentration of DHA, ATP, or 
the enzyme was lowered, the lag period was prolonged, but preincubation 
of these three components plus Mg** eliminated the lag altogether; 7.c., 
oxidation began immediately upon addition of DPN and triphenyltetra- 
zolium chloride. | 
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The data were quantitatively and qualitatively almost identical to those 
obtained for the phosphorylative oxidation of glycerol (4), and suggested 
strongly the action of a DHA kinase to form DHA-P prior to oxidation. 
When DHA-P was tested, it was oxidized rapidl¥yin the absence of ATP. 
This oxidation had its peak at a somewhat lower pH than the glycerol-a-P 
oxidation (4), namely at pH 8.1, and was not as sensitive to alkali; con- 
siderable activity remained at pH 9.5. However, the most important 
difference lay in the fact that Mg++ was obligatory for DHA-P oxidation. 


eglycerol 


°DHA, cells 
preincubated 
with glucose 


T 


° DHA 


SUBSTRATE ADDED 


200 


ATOMS OXYGEN CONSUMED/ MOLECULE 


% 50 100 
TIME (minutes) 


Fic. 1. Oxidation of DHA by resting A. suborydans cells. For the preincubation, 
70 mg. of dry cells were suspended in 1400 umoles of glucose, 7.5 umoles of DPN, 500 
umoles of P;, 100 umoles of MgCl., and H.O to 10 ml. at pH 6.0. The reaction mix- 
ture was shaken for 90 minutes, and the cells were centrifuged and washed repeatedly. 
They were then placed in Warburg flasks in 3 ml. of medium of the same composition, 
except that the substrate was 40 umoles of DHA. The center well contained 0.2 ml. 
of 20 per cent KOH; temperature, 30°. 


Chromatographic Identification of DH A-P from Reaction Mixture—The 
procedure was the same as with the glycerol-a-P (4), with DHA as sub- 
strate instead of glycerol. A new spot appeared, corresponding to that 
produced by authentic DHA-P, as shown in Fig. 2. When the reaction 
mixture containing the DITA-P was treated with 1 N alkali for 20 minutes, 
subsequent chromatography of the neutralized sample showed that all the 
DHA-P had disappeared. DHA-P could be easily distinguished from 
({L-a-P, which possessed a similar Rye value, by the much more rapid 
hydrolysis of DHA-P on the paper; an intense blue spot developed from 
DHA-P with only slight heating. 
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Non-Oxidative Enzymatic Reactions Involving DH A-P: Aldolase and Tri- 
ose P Isomerase—Since DHA-P in other organisms is a member of the 
aldolase and triose P isomerase equilibria, experiments were designed to 


test for the presence of these two enzymes. 


| 
| 


Fic. 2. Chromatography of phosphate esters from DHA-ATP interaction. The 
reaction mixture contained 0.5 ml. of CFE, 125 wmoles of Tris buffer at pH 8.0, 30 
umoles of F-, 12.5 wmoles of Mg**, 50 umoles of ATP, and H,O to 20 ml. DHA, 
when added, comprised 125 wmoles. After incubation for 30 minutes, TCA was 


added to make «a 3 per cent solution and the mixture was centrifuged. /, reaction 
mixture, no DHA, 10 wl. were applied to filter paper; 7/7, () alkali-hydrolyzed, 30 
al.; 117, + DHA, 10 71), alkali-hydrolyzed, 30 wl.; V, with DHA -P 
added after TCA, 10 wl.; V7, ATP only, 0.1 wmole; V//, ATP only, 0.3 umole, al- 
kali-hydrolyzed; V///, adenylie acid only, 0.2 umole; 1X, pyrophosphate only, 0.2 
umole; X, P; only, 0.1 wmole. 
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With samples of commercial FDP, extracts of A. suboxrydans showed 
rapid aldolase action according to the Sibley and Lehninger test (14). 
The absorption spectrum of the colored derivative formed corresponded 
very closely to that from DHA. The results were confirmed several times 
with purified FDP. This also allowed formation of triose P to be followed 
in terms of P,. When an aliquot of the reaction mixture was oxidized by 
iodine, and P, determined afterward, it could be shown that only small 
amounts of GLA-P were formed (Table II). 

Pentose-P Breakdown—Another potential non-oxidative reaction §in- 
volving triose P is the system producing triose P from R-5-P. It has been 
shown recently for other systems (12, 16) that, in addition to triose P, 
there are also formed SH and hexose phosphates through the action of 


TaBce II 
_ Demonstration of Aldolase and Isomerase in A. suborydans Extracts 
Sample | Py + Pi Pi 

| pmoles pmole 
1. Complete mixture... ... 1.80 0.40 
2. iodine - oxidized . 1.75 
3. (1), FDP added after TCA. 0.70 0.60 
4. (2), | 0.81 
5. (1), no FDP... | 0.40 0.33 


The system cunteiund 0.2 | of CFE, 5 umoles of FDP, 50 umoles of Tris buffer 
at pH 8.0, and 15 wmoles of F-, incubated at 37° in vacuo for 20 minutes; volume, 1.5 
ml. 1.3 mal. of 10 per cent TCA were added, neutralized, and centrifuged. The 
iodine oxidation was carried out as previously described (11). 


transketolase and transaldolase. When R-5-P was incubated without 
DPN in vacuo with the cell-free extract and assays were made at inter- 
vals for triose P, SH, pentose, and hexose, the results were as shown 
in Fig. 3. The cysteine-sulfuric acid test afforded both a qualitative and 
quantitative identification of SH (12). 

Réle of Mg** in DH A-P Oxidation—It was noted above that Mgt* was 
required for oxidation of DHA-P. This was also found to be true with 
FDP as substrate, as might be expected in view of the presence of aldolase 
and isomerase in the extract. G-6-P was oxidized rapidly by the cell- 
free extracts, but here Mg** was without effect. Mg** in other systems 
is required for the specific release of the phosphate group from the 1 posi- 
tion of FDP (17, 18). These observations on the Mg effect, together 
with the data on the R-5-P conversion, suggested that the cyclic mech- 
anism described recently by Horecker (19) might prevail in DHA oxi- 
dation in A. suborydans. In the following sections and accompanying 
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Fic. 3. Non-oxidative breakdown of ribose-5-P by cell-free extracts. The tubes 
were incubated in vacuo with 10 wmoles of R-5-P, 100 wmoles of Tris at pH 8.0, 20 
umoles of F~, 0.15 ml. of CFE, and water to 2ml. The reaction was stopped by 
adding 1.6 ml. of 10 per cent TCA. Pentose, hexose, and SH were assaved as de- 
scribed in the text, with R-5-P, glucose-6-P, and sedoheptulosan as standard. Mu- 
tual interfereyces in the determinations necessitated only minor corrections in the 
early stages (up to 20 minutes), although after longer incubation periods the cor- 
rections in the orcinol pentose assay due to hexose were appreciable, and the pen- 
tose values were therefore of reduced significance. Triose was measured as alkali- 
hydrolyzable P (triose P). 


papers (13, 20) it will be referred to as the pentose cycle because of the key 
position of pentose P in the accompanying diagram. The conversion of 
R-5-P to hexose P in liver and in spinach extracts involves the interme- 
diate formation of sedoheptulose P (SH-P) and probably tetrose P in the 
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following postulated fashion (18): 


TK, Pl TA 
(1) 4C,P 2C,P + 2C;P 2C,P + 
Th 
(2) 2C;P + 2C,P 2C;P + 
TILA 
(3) 2C;P —— C.P: 
Sum, 6C,P + 
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where TK = transketolase, TA = transaldolase, A = aldolase, PI = 


pentose P isomerase, and TI = triose P isomerase. In the presence of 


Mg the total reaction is 
6C,P -+- P; 


Evidence for Reactions within Pentose Cycle 


Reactions 11,7, 1, 2,3 (ATP + DHA — F-6-P — G-6-P)—The presence 
in the cell-free extract of the isomerase-aldolase system was noted above, 
tested with FDP as substrate. With DHA as the starting material, it 
was possible, in the presence of ATP and Mg**, to show the formation of 
fructose in amounts (as measured by the resorcinol test) approaching the 
theoretical value based on the ATP present, assuming activity of ADP in 


this system, either per se or through a myokinase. The reactions could 


also be followed through observation of the inorganic P released (Fig. 4). 
Under non-oxidative conditions, the P; release reached a plateau sharply 
at the theoretical value of 1 umole of P; per umole of ATP, the other phos- 


phate group presumably remaining as fructose-6-phosphate (F-6-P). 


The 


observed reaction rates for formation of fructose and P; were similar. 
Under oxidative conditions (TTZ and DPN) a further, slower release of 
P; was observed, as would be expected if the pentose cycle were operating; 
meanwhile hexose accumulation dropped to about one-tenth of the amount 
formed non-oxidatively. Fluoride at a concentration of 10-? m or greater 
was found to be of value in reducing ATPase activity (to about 30 per cent 
of the value in the absence of fluoride). The same fluoride concentration 


allowed only slight hydrolysis of FDP or F-6-P. 


Reaction 2 (FDP — F-6-P)—It was found that FDP released P; only 


in the presence of Mg**+. As shown in Fig. 5, A, this liberation of P; ceased 


at a concentration of | umole of P; per umole of FDP. The resulting hex- 


ose monophosphate showed the stability toward acid hydrolysis that would 
be expected for a hexose ester with the P group in the 6 position. 
paper chromatogram the products of Reaction 2 produced two spots char- 


On a 


acteristic of an authentic mixture of glucose-6-P and fructose-6-P, with 


the former predominating. Like the corresponding enzyme in liver (21, 


22), this was an alkaline phosphatase (Fig. 5, B). The optimal Mgt* 


Fic. 4. Formation of hexose and P; from DHA and ATP in A. suborydans. Curves 
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A and C, P; release; Curve B, fructose formation (following experiment performed 


separately). 0.10 ml. of CFE was incubated with 1.0 gmole of ATP, 5 umoles of 


DHA, 10 wmoles of F~, 25 wmoles of Tris buffer at pH 8.0, 2.5 umoles of Mg**, and 


H,O to 1.0 ml.; temperature, 30°. 
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pH 8.5, 200 ymoles of F , 5 wmoles of Mg**, and water to 2.0 ml. 
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(minutes) 
Fig. 5. FDP phosphatase of A. suborydans (FDP F-6-P 4+ P)). 
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moved at intervals for P, assay; temperature, 30°. B, pH optimum for action of 
the enzyme, Conditions were as in A, except that glyeine buffer was used from pH 
9.5 to 10.5, and Tris from pH 7.0 to 9.5. 
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concentration was about 2.5 wmoles per ml., with the enzymatic activity 
slowly decreasing at higher concentrations. 

Reaction 3 (F-6-P — G-6-P)—A very active phosphohexose isomerase 
was present in A. suborydans. Incubation of G-6-P with the cell-free 
extract led to formation of a material that reacted in the resorcinol test 
for fructose. Chromatograms of the reaction mixture again revealed both 
F-6-P and G-6-P. These compounds were equally readily oxidized, indi- 
cating the relatively greater speed of the interconversion. 

Reactions 4 and 5 (G-6-P — 6-PGA — R-5-P + CO»)—When the oxida- 
tion of G-6-P by the cell-free extract was followed manometrically, there 
was an initial lag in the rate of CO, production, compared to O2 uptake. 
G-6-P and F-6-P were also oxidized in the presence of TTZ and DPN. 
Analysis of the reaction products by the orcinol test showed formation of 


TaB_e III 
Oxidation of 6-Phosphogluconic Acid by A. suborydans 


0 min. 30 min. 55 min. 90 min. 
pmole pmole pmole | pmole 
0 0.19 | 0.39 | 0.75 


5 umoles of 6-PGA were incubated with 0.1 ml. of CFE and 5O umoles of Tris 
buffer at pH 8.0, 50 umoles of F~, 7.5 umoles of TTZ*, 0.05 umole of DPN, and water 
to 0.6 ml. Temperature, 30°. 


a compound with maximal absorption at 660 my, unless the oxidation was 
extensive (above 3 uwmoles of TTZH produced per umole of substrate). 
Chromatography of the products of G-6-P oxidation revealed zones cor- 
responding to 6-PGA and R-5-P. (For the identification of 6-PGA, the 
ethyl acetate-water system in Table I was employed.) Identification of 
ribulose-5-phosphate or other pentose phosphates was not sought. 6-PGA 
was oxidized by the enzyme preparation, in the presence of TTZ and DPN. 
Formation of pentose with time was followed, as shown in Table III. 
The low level of pentose maintained is reasonable in view of the rapid 
transformation of R-5-P (Table IV). 

The unexpected activity of both DPN and TPN in the G-6-P and 6-PGA 
dehydrogenases has not yet been clarified. Under the conditions of the 
present experiments, where cycling of the component sugars occurred, 
TPN was about twice as effective as DPN for G-6-P oxidation. In the 
oxidation of 6-PGA, DPN was more active than TPN at concentrations of 
0.01 umole per ml., but the reverse was true at 0.1 umole per ml. Studies 
are in progress to fractionate these enzymes further and determine their 
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exact pyridine nucleotide requirements. A similar lack of specificity for 
these compounds has been reported in the corresponding dehydrogenases 
of Pseudomonas fluorescens (23). 

Reaction 6 (R-5-P — SH-P, GLA-P, and F-6-P)—R-5-P is oxidized 
rapidly in the cell-free extracts with DPN and TTZ. It also disappears 
under non-oxidative conditions, as noted previously. The immediate ap- 
pearance of SH and triose, and the subsequent formation of hexose, 
strongly indicates the operation of transketolase-transaldolase systems, in 
addition to pentose P isomerase. SH was also formed non-oxidatively 
from F-6-P, with about the same ratio (1:10) of SH to hexose monophos- 
phate as in the conversion from R-5-P. The F-6-P — SH-P conversion 
might involve a transketolation of F-6-P to some endogenous acceptor of 


TaBLe IV 
Relative Reaction Rates within Pentose Cycle 
Reaction No. per nee of CFE. MI. of CFE per ml. | Remarks 
| | 
1 | 42 | 0.04 Measured at 37° 
2 | 42 0.1 | 
3 | | Fast compared to Reaction 4 
4 | 28 a With DPN 
5 | 8 | 0.1 | see 
6 | 215 | 0.1 | 
7 | | Fast compared to Reaction 1 


Temperature, 30°. Other conditions were as described for the respective reac- 
tions (Table II, Table ILI, Fig. 3, and Fig. 5). 


active glycolaldehyde, with the tetrose residue interacting with F-6-P to 
produce SH-P and triose P (24). The equilibrium of the pentose-hexose 
conversion lies far to the right, as is evident from Fig. 3. Starting with 
R-5-P, addition of Mg** to the reaction mixture significantly decreased 
the yield of triose P, as would be expected during a further conversion of 
FDP to F-6-P. 

Paper chromatography of the ribolytic reaction mixture in comparison 
with authentic samples of R-5-P, F-6-P, G-6-P, and DHA-P revealed the 
presence of each of these compounds, as well as SH. SH was identified on 
the chromatogram by the specific orcinol spray (25). Upon enzymatic 
hydrolysis of the R-5-P reaction mixture with alkaline phosphatase and 
subsequent chromatography, all the phosphate appeared as Pj, and the 
position of the SH changed from R, 0.15 to 0.29 (ethy] acetate-acetic acid- 
water). This suggested that SH also exists in the organism as a phosphate 
ester. 
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Reaction Rates in Pentose Cycle—Although specific attention was not 
given to the kinetic relationships of the cycle reactions in the present work, 
the experiments performed provide some information regarding the rela- 
tive rates. The conversion rates listed in Table IV refer to the amounts 
of reactant appearing or disappearing in an initial time interval that al- 
lowed only a small fraction of the substrate to be utilized. The slow utiliza- 
tion of 6-PGA, as compared to the preceding dehydrogenation of G-6-P 
and the very rapid subsequent disappearance of R-5-P, is noteworthy. 
The rapid removal of R-5-P observed here raises the question whether 
the pentose levels recorded in Table III should be somewhat lower. It is 
possible that the pentose assay results may have been spuriously high due 
to the presence of hexose and sedoheptulose, since these sugars interfere 
to some extent in the orcinol pentose assay (13). 


Reactions Leading into Pentose Cycle 


Reactions 8, 9 (GL — GL-a-P — DHA-P), Reactions 10, 11 (GL — DHA 
— DHA-P)—These reactions are described in the accompanying paper (4). 

Reaction 12 (R — R-5-P)—The presence of a ribokinase is so far indi- 
cated only by the fact that ribose itself is not oxidized unless ATP is pres- 
ent. 

Reaction 13 (G — G-6-P)—A partially purified glucokinase, which still 
contains phosphohexose isomerase, has been obtained from the cell-free 
extract. With glucose as substrate, the hexose phosphates could be iso- 
lated as the Ba salts in good yields, and in a ratio corresponding to the 
establishment of the phosphohexose isomerase equilibrium (3 G-6-P:1 
F-6-P). 


DISCUSSION 


The soluble cell-free extracts of A. suboxydans contain the spectrum of 
enzymes necessary for the operation of the pentose cycle. This cycle fur- 
nishes a mechanism for the complete oxidation to CO, and water of any of 
the cycle members, or of the metabolites connected to the cycle by pre- 
liminary phosphorylation or oxidation reactions. Upon one complete turn 
of the cycle, 6 molecules of hexose monophosphate yield 6 molecules of 
CO. and 1 molecule of Pj, consume 6 molecules of oxygen, and return to 
the starting point as 5 molecules of hexose monophosphate. 

The pentose cycle in particular furnishes a pathway for the oxidation of 
DHA-P in this organism, and, although not necessarily the only one, it is 
the first yet to be uncovered. A direct oxidation of triose P seems not to 
play a significant réle. In cell-free extracts, no oxidation of DHA-P took 
place in the absence of Mg, indicating a lack of the traditionally Mg- 
independent triose P dehydrogenase. Furthermore, pyruvate appears not 
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to be on the route of glycerol and DILA oxidation, since only small amounts 
of acetic acid can be detected upon extensive oxidation of glycerol by rest- 
ing cells (3). Lactate oxidation with resting cells and pyruvate oxidation 
in cell-free extracts lead to nearly theoretical yields of acetate (26, 27). 
The observed oxidation of DHA by resting cells on the other hand fits the 
operation of the pentose cycle. The O2 uptake and the COs» output are 
approximately linear with time, and the respiratory quotient is 1.0, cor- 
responding to oxidation to CO, and water (see also King and Cheldelin 
(28)). The fact that the O. consumption by resting cells ceases when it 
reaches two-thirds of the amount calculated for complete combustion of 
DHA remains to be explained, although it does not necessarily conflict 
with the operation of the cycle if it may be assumed that the remainder of 
the sugar is assimilated. Extensive assimilation of other substrates has 
been observed by resting yeast cells (29, 30). However, it seems less 
likely that assimilation could also account for the failure of the CFE to 
oxidize glycerol beyond 5 atoms of O per molecule,? and the possibility 
remains that additional pathways of glycerol metabolism may operate in 
A. suboxydans. 

The pentose cycle opens a pathway for oxidation, not only of glycerol 
and DHA in this organism, but also of glucose and ribose. The possible 
connection of sorbose to this scheme is not yet clear. Here also additional 
oxidative routes cannot be excluded, since it is known, for example, that 
glucose is converted to gluconic and ketogluconic acids in large yields in 
fermentations with this organism. 

Although A. suborydans is the only microorganism in which the pentose 
cycle has thus far been demonstrated in toto, this mechanism may be of 
general significance in many microorganisms. Key reactions of the cycle, 
such as the “hexose monophosphate shunt” and the pentose-sedoheptulose 
conversion, have been observed for other bacteria and yeast (23, 31). 
This establishes another biochemical link between microbial species and 
the plant and animal kingdoms in which the pentose cycle was first dis- 
covered (12, 19). 


SUMMARY 


Oxidation of dihydroxyacetone by cell-free extracts of Acetobacter sub- 
oxydans depends first upon an ATP-linked kinase reaction. The dihy- 
droxyacetone phosphate formed is then converted, through isomerase and 
aldolase equilibria, to hexose diphosphate. Dephosphorylation, isomeri- 
zation, and oxidation of glucose-6-phosphate ensue, to produce phospho- 
gluconic acid and ribose-5-phosphate, in the presence of either DPN or 
TPN. A non-oxidative, ribolytic series of reactions can also be demon- 


? Kitos, P. A., King, T. E., and Cheldelin, V. H., unpublished observations. 
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strated, which leads to the early appearance of sedoheptulose and triose, 
and the subsequent formation of hexose. This indicates the presence of 
transaldolase-transketolase systems, as well as a pentose phosphate iso- 
merase. The reactions of Horecker’s pentose cycle thus appear to be 
operative tn toto in this organism, with an expected and observed respira- 
tory quotient of 1.0 for the oxidation of dihydroxyacetone. 


Other substrates, such as glucose, ribose, and glycerol, also are capable of 


entering the pentose cycle, through preliminary kinase or oxidative re- 
actions. 


Addendum—-Since the submission of this manuseript, it has been found possible 


(Kitos, P. A., King, T. E., and Cheldelin, V. H., unpublished results) to remove 
DPN, TPN, Mgt*, and cocarboxylase from the cell-free extracts by adsorption on 
Dowex 50. In these treated extracts, TPN is specifically required for reactivation 
of G-6-P dehydrogenase, and DPN for reactivation of 6-PGA dehydrogenase (Re- 
actions 4 and 5in Diagram 1). 
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CARBOHYDRATE OXIDATION BY THE WHEAT SMUT 
FUNGUS, TILLETIA CARIES* 


By R. W. NEWBURGH, C. A. CLARIDGE,t anp VERNON H. CHELDELIN 


(From the Department of Chemistry and the Science Research Institute, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, September 13, 1954) 


Extensive genetic studies (1) and limited nutritional investigations (2, 
3) have been accomplished for the wheat smut organism, Villetia caries, 
but information is lacking concerning its metabolism and enzyme systems. 
A more systematic approach to control might be realized by a fuller under- 
standing of the nutrition and metabolism of the smut fungus. 

Studies designed to elucidate the pathway of carbohydrate metabolism 
show that maltose, starch, and glucose are rapidly oxidized by resting cells 
and the phosphorylated sugars by cell-free extracts. The results with the 
phosphorylated esters suggest the operation of the Horecker pentose cycle, 
which has been demonstrated in other species. ‘Thus this mechanism of 
metabolizing carbohydrate is recognized in another organism. The pres- 
ence of hexokinase and aldolase has also been shown in the cell-free extracts. 


EXPERIMENTAL 


Growth of Organism—The organism used for these studies, T7lletia caries, 
D-11-7, was obtained from Dr. C. 8. Holton of the State College of Wash- 
ington. 

The fungus was grown in 5 or 12 liter round bottom flasks with forced 
aeration, or in 500 ml. Erlenmeyer flasks on a rotary shaker. The medium 
consisted of 5 gm. of tryptone, 10 gm. of glucose, and 1 gm. of yeast extract 
per liter. Maximal cell yields were obtained by aseptically blending the 
inoculum suspension in a Waring blendor prior to inoculation. Use of 
this method increased the number of mycelium particles, and during 
growth the clones changed from a few large balls to many smaller ones. 
The improved aerobic conditions obtained for individual balls of mycelium 
probably accounted for the higher yields. 3 gm. of dry cells were obtained 


* Published with the approval of the Monographs Publications Committee, Re- 
search paper No. 253, School of Science, Department of Chemistry. A preliminary 
report was included in a paper given at the Western Section of the American Society 
of Plant Physiology, American Association for the Advancement of Science, Pull- 
man, Washington, June 22-24, 1954. This work was supported by grants from the 
Oregon Wheat Commission, the National Science Foundation, Research Corpora- 
tion, Ine., and the Oregon State College Agricultural Experiment Station. 

t Present address, Merck and Company, Inc., Rahway, New Jersey. 
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per liter of medium in 24 hours at 20°. A drop in pH from 7.5 to 68 
occurred in the 24 hour period. 

The cells were harvested by filtration on a Bichner funnel and washed 
twice with deionized water. They were then used for resting cell experi- 
ments or for preparation of acetone powders. 

Cell-F ree Preparations—Acetone powders were prepared by blending the 
cells in a Waring blendor with 10 volumes of acetone (— 10°) for 1 minute 
and filtering the resulting powder. The acetone powder was blended 
again in 5 volumes of acetone for 30 seconds, recovered by filtration, dried 
in vacuo, and stored in a deep freeze. The preparation was stable for 
several months, although the oxidative activity decreased slowly. 

Cell-free extracts were prepared as needed from the acetone powder. 
0.5 gm. was homogenized with 15 ml. of 0.02 m phosphate or Tris! buffer 
at pH 7.5 in a Virtis homogenizer or a Potter-Elvehjem glass homogenizer. 
The extract was then centrifuged for 1 hour at 10,000 X g and the super- 
natant liquid used for the experiments, after dialysis at 0° for 2 to 3 hours 
against 10 liters of 0.02 m Tris buffer at pH 7.5. Removal of pyridine nu- 
cleotides was accomplished, when desired, by dialysis against Dowex 1 
(chloride form) suspended in the outer chamber. 

Cell-free extracts were also prepared by grinding 0.5 gm. of acetone 
powder with 7 gm. of Alumina A-301 and 2 ml. of 0.02 m Tris buffer. The 
preparation was then extracted for 30 minutes with 15 ml. of 0.02 m Tris 
buffer at pH 7.5 with frequent stirring. The enzymes for the studies to be 
noted were obtained by centrifugation at 10,000 x g for 1 hour. All 
preparations and centrifugations were performed at 0°. No significant 
differences in activity were noted among the methods for preparing the 
cell-free extracts. 


Methods and Materials 


Oxygen uptake or carbon dioxide evolution was measured manometri- 
cally with conventional Warburg equipment. A Beckman mode] B spec- 
trophotometer was used for the spectrophotometric analysis. Protein was 
measured by a modified biuret method of Weichselbaum (4). Crystalline 
egg albumin was used for the standard. Hexokinase was measured by the 
method of Colowick and Kalckar (5). Aldolase was determined by the 
method of Bard and Gunsalus (6). Inorganic phosphorus was measured 
by the method of Ernster et al. (7). Pentose was estimated by the orcinol 


''The following abbreviations are used throughout this paper: DPN, diphospho- 
pyridine nucleotide; F-6-P, fructose-6-phosphate; FDP, fructose-1,6-diphosphate; 
Gi-1-P, glucose-1-phosphate; G-6-P, glucose-6-phosphate; P;, inorganic phosphate; 
6-PGA, 6-phosphogluconic acid; R-5-P, ribose-5-phosphate; TPN, triphosphopy- 
ridine nucleotide; Tris, tris(hydroxymethyl)aminomethane; ATP, adenosinetriphos- 
phate. 
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method (8), fructose by Roe’s resorcinol method (8), and sedoheptulose 
and hexose by the sulfuric acid-cysteine method (9). Triose was measured 
by alkali-labile phosphate or by its production after aldolase action (6). 
Conventional ascending paper chromatographic methods were used. The 
paper was washed by the method of Mortimer (10). The solvent systems 
employed were those of Bandurski and Axelrod (11) or Hauge et al. (12). 
The molybdate spray of Bandurski e¢ al. (11) was used for the detection of 
phosphate esters. Phosphate esters from the reaction mixtures were iden- 
tified by cochromatography with authentic samples. Corrections for ab- 
sorption by interfering compounds were applied when necessary, particu- 
larly when assaying pentose in the presence of larger amounts of hexose or 
sedoheptulose (13). The following chemicals were all commercial prep- 
arations: Glucose-6-phosphate (Sigma), fructose-6-phosphate (Nutritional 
Biochemicals), Armour coenzyme concentrate (Armour), and _ ribose-5- 
phosphate (Schwarz). G-6-P was oxidized with bromine for the prepara- 
tion of 6-phosphogluconiec acid (14). Phosphate analysis indicated 80 per 
cent organic P. Chromatography gave only a spot for 6-PGA and inorganic 
P. Fructose-1 ,6-diphosphate was a commercial preparation which was 
purified by column chromatography (12). The purity of this ester was 
checked by the resorcinol test and the amount of organic P present. Paper 
chromatography indicated only FDP, Pi, and fructose to be present; by 
the resorcinol test it was found to contain 100 per cent of the theoret- 
ical amount of fructose. 85 per cent of the phosphate present was or- 
ganic P. 

Diphosphopyridine nucleotide (Pabst) and triphosphopyridine nucleo- 
tide (Sigma “80’’) were commercial preparations. 

N-Methylphenazine sulfate was kindly furnished by Dr. R. H. Burris 
of the University of Wisconsin. 


Results 


Resting cells oxidized glucose, maltose, and starch, as shown in Fig. 1. 
Maltose was oxidized more rapidly than any of the other carbohydrates, 
and the hexose phosphates only to a limited extent. The addition of more 
glucose to the reaction vessel resulted in continued oxidation, indicating 
disappearance of substrate after the utilization of 4 watoms of oxygen per 
umole. Fructose and sucrose were also oxidized by the resting cells, al- 
though to a more limited extent than the carbohydrates previously men- 
tioned. 

The presence of hexokinase is shown in Fig. 2. The respective phos- 
phate esters formed in the reactions were demonstrated by paper chro- 
matography. Based on the ATP present, the COz yield (from bicarbonate) 
was about 50 per cent of theory for complete conversion of glucose to G-6-P. 
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Aldolase was present in the cell-free preparation, as shown in Fig. 3. 
The pH optimum of the Jilletia enzyme was 8.0. 

Cell-free extracts oxidized glucose-1-phosphate, G-6-P, FDP, F-6-P, 
6-PGA, and R-5-P, as shown in Table I. Of the tricarboxylie acid cy- 
cle members tried, only succinate was oxidized, and it only very feebly. 
Maximal oxygen uptake obtained was 5 ywatoms of oxygen per micromole 
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Fic. 1. Oxidation of carbohydrates by resting cells of 77lletia. Lach Warburg 
vessel contained 1.0 ml. of cell suspension (50 mg., dry weight); 5 wumoles of substrate 
(except starch, which was added as 150 wmoles of glucose equivalent in a soluble- 
starch preparation); 0.3 ml. of 20 per cent KOH in a center well; 100 wmoles of phos- 
phate buffer, pH 7.5. Total volume 3.0 ml.; temperature, 28°. Gas, air. 5 uwmoles 
of glucose were added initially and again at 200 minutes. 


of G-6-P, with a respiratory quotient of 1. The oxidation of this com- 
pound was also more rapid than that of the other phosphate esters. The 
oxidations were followed with N-methylphenazine sulfate as the electron 
carrier since it was found that the preparations were quite active with this 
compound (more so than with cytochrome c). Fluoride also had a stimu- 
latory effect, apparently because of inhibition of a phosphatase. The pat- 
tern of oxidation of the phosphate esters suggested the operation in 7. 


caries of the pentose cycle which is present in animals (15), higher plants we 
(11, 15), microorganisms (12), and insects (13). For this reason a system- oul 
atic study was undertaken to demonstrate the presence of the following bu 
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glucose 
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a é _ fructose 
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EVOLUTI 
@ 


40 60 80 
TIME 
(minutes) 
Fic. 2. Hexokinase in a cell-free preparation of T7lletia. Lach Warburg vessel 
contained 10 umoles of MgCl.; 60 umoles of NaF; 20 uwmoles of glucose (mannose or 


fructose); 10 pmoles of ATP; 4 mg. of protein; 16 wmoles of bicarbonate. Total 
volume, 2.3 ml.; temperature, 28°. Gas, 95 per cent nitrogen-5 per cent carbon 


dioxide. 
— 
oO 
x 
g a 
00-8 = 
i x 
a 
4 2.5 
4 
20 40 60 6-4 72 8-0 8-8 
TIME pH 
| (minutes) 
Fig. 3. Aldolase in Tilletia extracts. A, formation of triose from hexose diphos- 


phate with time. B, pH optimal curve for aldolase; incubated for 15 minutes. In- 
cubation mixture: 3.5 umeles of fructose-1,6-diphosphate; 150 wmoles of Veronal 
; buffer at pH 7.2; 140 wmoles of hydrazine hydrochloride at pH 7.2; cell-free extract 
(3 mg. of protein). Total volume, 2.25 ml.; temperature, 37°. 


/ 


32 CARBOHYDRATE OXIDATION BY WHEAT FUNGUS 


TABLE I 
Oxidation of Hexose Phosphates by Cell-Free Preparation of T. caries 


atoms oxygen per umole substrate added initially 


Substrate 

7 min. 15 min. 22 min. 30 min. | 52 min. | 68 min 
0.97 1.6 1.9 2.2 26 | 3.0 
0.42 0.71 0.90 1.1 1.3 14 
0.45 0.52 0.61 0.8 0.9 
«0.18 ().22 0.43 0.7 | 0.9 
| | 0.18 0.45 0.58 


Kach Warburg vessel contained 7 mg. of protein, 4 umoles of substrate, 60 umoles 
of Tris buffer at pH 7.4, 100 umoles of nicotinamide, 1 mg. of Armour coenzyme con- 
centrate, 0.2 mg. of N-methylphenazine sulfate. Total volume, 3.0 ml.; tempera- 
ture, 28°. Gas, air. 


series of reactions, suggested by Horecker (15), in the accompanying 
Diagram 1. 


G-6-P TPN , 6-PGA 
(5) (2)| TPN 
F-6-P R-5-P 
(4) (3) 


TRIOSE (GLYCERALDEHYDE -3-P) 
SEDOHEPTULOSE 
DIAGRAM 1 


Reaction 1—The presence of G-6-P dehydrogenase was demonstrated by 
following TPN reduction at 340 my, as illustrated in Fig. 4, A. The addi- 
tion of G-1-P also resulted in a reduction of TPN, although at a slower rate, 
indicating the presence of phosphoglucomutase. TPNH was reoxidized 
in this system by acetaldehyde. DPN was only slightly active. The oxi- 
dation of G-6-P with O2 as an electron acceptor was also TPN-dependent, 
with only slight reaction occurring in the presence of DPN. The formation 
of 6-PGA from G-6-P was demonstrated by cochromatography on paper. 
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Fig. 4. A, glucose-6-phosphate dehydrogenase of Tilletia. Each cuvette con- 
tained 3 mg. of protein, 0.8 wmole of G-6-P, 30 umoles of Tris buffer at pH 7.5, 0.32 
umole of TPN. Suitable blanks were included in which enzyme, substrate, or TPN 
was omitted; temperature, 25°. B, 6-phosphogluconic dehydrogenase. Reaction 
mixture the same as A, except that the substrate was 6-PGA, pH 7.5. 


TABLE II 
Formation of Sedoheptulose, Triose, and Hexose from Ribose-5-phosphate 
Anaerobically 
| umoles formed 
Compound 
| 0 min. 2 min. | 5 min. | 15 min. | 45 min. | 60 min. 
| | | | 
| 10 | 5.9 39 | 30 | 3.2 | 3.1 


7.5 


* Micromoles of carbon divided by 5, 

The incubation mixture consisted of cell-free extract prepared with a Potter- 
Elvehjem glass homogenizer and containing 10 mg. of protein; 10 wmoles of ribose- 
5-phosphate; 200 umoles of Tris buffer, pH 7.5; temperature, 30°. Total volume, IC 
ml. 1 ml. aliquots were removed at the stated intervals and pipetted into 1 ml. of 
10 per cent trichloroacetic acid. 
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Reaction 2—The cell-free extracts contained 6-PGA dehydrogenase, as 
shown in Fig. 4, B. The formation of R-5-P was demonstrated by 
cochromatography on paper. Sedoheptulose, pentose, and fructose were 
also detected colorimetrically from 6-PGA: 0.74 umole of sedoheptulose, 
0.45 umole of pentose, and 0.19 umole of fructose were obtained from 4 
pmoles of 6-PGA in 120 minutes. 

Reactions 3, 4, and 5—Evidence for the occurrence of transketolase and 
transaldolase (16, 17) was obtained by following the formation of sedohep- 
tulose, triose, and hexose from R-5-P anaerobically. The results are shown 
in Table II. That the hexoses formed were F-6-P and G-6-P was demon- 
strated by cochromatographing a reaction mixture in which R-5-P was the 
substrate. 

Reaction 5—The presence of phosphohexose isomerase was demonstrated 
by following the reverse reaction and measuring the fructose formed. The 
production of 2 umoles of fructose in 40 minutes from 8 umoles of G-6-P 
was observed with the cell-free preparation. In the presence of TPN and 
fructose-6-phosphate, the formation of sedoheptulose and pentose was ob- 
served. 


DISCUSSION 


T. caries is able to oxidize the carbohydrates that might be expected to 
occur in the wheat plant. It is of interest that only the non-phosphoryl- 
ated carbohydrates are oxidized by the whole cells to a considerable extent 
and that hexokinase is present, thereby enabling the organism to oxidize 
carbohydrates by known mechanisms involving the phosphate esters. Nu- 
tritional studies have shown that 7’. caries can grow on a simplified me- 
dium containing only asparagine as a source of nitrogen (2, 3); however, 
growth on such a purified medium is much slower and less extensive than 
that obtained in these experiments. 

These studies have extended the presence of the pentose cycle to another 
group of organisms quite different from those which have previously been 
shown to contain the cycle. The implications are discussed in the following 
paper (13). 


The authors are indebted to Dr. 8S. M. Dietz and Dr. J. R. Hardison of 
the Department of Botany and Plant Pathology, Oregon State College, for 
their valuable suggestions. 


SUMMARY 


The oxidative behavior of the wheat smut organism, Tilletia caries, has 
been examined. This has been facilitated by development of a liquid 
medium which permits luxuriant growth in a 24 hour period. Acetone 
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extracts were prepared which contain hexokinase, aldolase, glucose-6-phos- 
phate dehydrogenase, 6-phosphogluconic acid dehydrogenase, and the en- 
zymes of the pentose cycle. 

Oxidation of glucose, maltose, and starch and limited oxidation of fruec- 
tose and sucrose have been shown, but little activity was found when vari- 
ous Krebs cycle acids were used as substrates. 
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OXIDATION OF CARBOHYDRATES BY THE PEA APHID, 
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Oregon State College, Corvallis, Oregon) 
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The nutrition and metabolism of aphids are of interest to biochemists, 
since these important pests depend upon leaf cell sap for their nutrition 
and excrete large amounts of carbohydrate and amino acids (1, 2). This 
suggests that they may have some special nutritional requirements (3), 
and that their carbohydrate metabolism may possess unusual features. 

The evidence obtained to date indicates the absence of a hexokinase sys- 
tem, but shows that hexose phosphates are readily utilized. The organism 
contains the enzymes necessary for oxidation of these compounds by way of 
the Horecker pentose cycle (4). Thus this cyclic mechanism has been dem- 
onstrated in another type of organism differing from higher animals, higher 
plants, bacteria, or the wheat smut fungus, in which the cycle has been 
previously established (4-7). 


EXPERIMENTAL 


Pea aphids, M. pisi (Kltb.), were grown on young pea or horse-bean 
plants in the greenhouse, and harvested as needed for enzyme preparations. 
Freshly collected aphids were blended in a Waring blendor for 1 minute 
with 10 volumes of acetone (— 10°) and filtered, and the powder was again 
blended with 5 volumes of acetone. The acetone powder after filtration 
was dried in vacuo and stored at —10°. This preparation was stable for 
4 to 6 months with respect to the enzyme systems studied. Cell-free 
preparations were obtained in a manner similar to that employed in the 
preceding communication (7). Centrifugation was for 1 hour at 20,000 
X 

Materials and methods were the same as in the preceding paper, except 
that tetrazolium (TTZ)' reductions were employed as in the report of 


* This work was supported by grants from the National Science Foundation, and 
ki. 1. du Pont de Nemours and Company. Published with the approval of the Mono- 
graphs Publications Committee, Research paper No. 254, School of Science, Depart- 
ment of Chemistry. 

' The following abbreviations are used throughout this paper: CoA, coenzyme A; 
DPN, diphosphopyridine nucleotide; F-6-P, fructose-6-phosphate; FDP, fructose-1,- 
6-diphosphate; FMN, flavin mononucleotide; G-1-P, glucose-1-phosphate; G-6-P, 
glucose-6-phosphate; 6-PGA, 6-phosphogluconie acid; R-5-P, ribose-5-phosphate ; 
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Hauge et al. (6). The following chemicals were all commercial prepara- the : 
tions: a-ketoglutaric acid (Krishel] Laboratories); Armour coenzyme con- the: 
centrate (containing about 25 y of CoA per mg., 7 per cent DPN, 4 per ars % 


cent TPN, 0.25 per cent pyridoxal phosphate plus pyridoxamine phos- 


on 


» 


sedoheptulose 


g 
fructose 


lucose 


OPTICAL DENSITY MOLE 


°400 600 700 

LENGTH F 

Fic. 1. Absorption curves for various compounds in the orcinol test. 1 umole of met. 
each compound was used, except that 0.1 umole of ribose was used and corrected to 0.5 4 
1 umole in order to obtain a suitable plot. 3 ml. of 1 per cent oreinol in 0.1 per cent of t! 
FeCl, in concentrated HCI were added to 3 ml. of the compound to be tested. The ml. 
solution was heated at 100° for 30 minutes, cooled, and the readings made within 40 heat 
minutes. of 3 


phate); pyocyanine (F. Hoffmann-La Roche and Company, Ltd.); and 


flavin mononucleotide (F MN) (Sigma). yh 
In the previous papers (6, 7) it was noted that certain corrections were nits 

necessary because of interfering absorptions by sugars other than those x 

being measured in the orcinol and cysteine-sulfuric acid methods. Figs. 

1 and 2 illustrate the interferences obtained and the absorption curves for I 

SH, sedoheptulose; TPN, triphosphopyridine nucleotide; TTZ, tripheny] tetrazolium | the 


hydrochloride. 
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the sugars that might be present in the reaction mixtures. Table I gives 
the molar extinction coefficients calculated from the absorptions of the sug- 
ars at the wave-lengths used in the experiments. Some interferences may 
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Fic. 2. Absorption curves for various compounds in the cysteine-sulfurie acid 
method. 1 umole of each compound was used, except for sedoheptulose, which was 
0.5 umole, and corrections were made to graph as 1 wmole. To 0.5 ml. of a solution 
of the compound were added 2.5 ml. of the sulfurie acid mixture (20 ml. of H.O-120 
ml. of concentrated H.SO,), both components being in an ice bath. The mixture was 
heated for 3 minutes at 100°, removed, and immersed in an ice bath. Then 0.05 ml. 
of 3 per cent cysteine was added and the colors were developed for 18 hours. 


be noted, but it is felt that many of the values presented may have been 
overcorrected. This may be responsible in part for the failure to account 
for all of the carbon in some of the sugar phosphate interconversions. 


Results 


Early studies indicated that the phosphate esters were not oxidized in 
the cell-free extracts in a manner exclusively indicative of complete oxida- 
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tion by way of glycolysis and the tricarboxylic acid cycle. Glucose-6- 
phosphate (G-6-P) and glucose-1-phosphate (G-1-P) were oxidized more 
rapidly than fructose-1,6-diphosphate (FDP), as shown in Table II. 


I 


Molar Extinction Coefficients for Various Carbohydrates in Colorimetric 
Measurements Used for Their Determination 


Molar extinction coefficient, sq. cm. per mole 


Compound Cysteine-sulfuric acid test 


Orcinol test, 660 ms ——— 

| 415 my 505 my 
22x10 | 27x10 | 6.4 x 10 
2.2 104 
3.8 103 8.5 10? 1.1 104 
| 1.3 X 10° 6.1 10° 1.3 10° 
| 1.1 X 108 4.5 10° 4 X 10° 
| 10? 0 0 
6-Phosphogluconate............... | 0 0 0 


Details of the determinations are given in Figs. 1 and 2. 


TABLE II 
Oxidation of Herose Phosphates by Cell-Free Preparation of Pea Aphid 


patoms of oxygen per wmole of substrate added initially 
Compound — - 
19min. 22min. WMmin. 4 min. | 50 min. 100 min. 


| 


1.3 2.2 2.7 3.6 3.9 
Glucose-1-phosphate................ | 1.0 1.9 2.8 3.5 4.2 4.7 


Kach Warburg vessel contained 4 wmoles of substrate, 11 mg. of protein, 10 wmoles 
of nicotinamide, 2 wmoles of Mg**, 1 mg. of Armour coenzyme concentrate, 0.2 mg. 
of N-methylphenazine sulfate, 30 wmoles of phosphate buffer at pH 7.5. Tempera- 
ture, 28°; total volume, 3.0 ml. Atmosphere, air. The substrate, Armour coen- 
zymes, and phenazine were tipped from a side arm at zero time. 


Glucose and fructose were only feebly oxidized, and all attempts to dem- 
onstrate hexokinase activity have been unsuccessful. Oxidation of the 
Krebs cycle acids was more limited than the oxidation of the hexose phos- 
phates, as shown in Fig. 3. In addition, no inhibition of G-6-P oxidation 
occurred in the presence of fluoride or iodoacetate. Cytochrome c was 
able to serve as an electron carrier, but to a smaller extent than N-methyl- 
phenazine sulfate. TPN was found to be the active component in the 
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coenzyme concentrate, although DPN also possessed considerable activity. 
These relationships are shown in Table ILI. 


5 
WwW 
Ww glucose-6 PO, 
- 
aa4 
> 
o succinate 
2 
a 
citrate 
2a 
a-keto- 
glutarate 


te) 40 80 120 160 
TIME 
( minutes ) 
Fic. 3. Oxidation of some tricarboxylie acid cycle components by a cell-free ex- 


tract from pea aphids. Conditions were as listed in Table II. The results are ex- 
pressed as microatoms of O, uptake per micromole of substrate added to the vessel. 


TABLE III 


Reduction of Tetrazolium by Cell-Free Preparations of Pea Aphids in Presence 
of TPN or DPN with Several Substrates 


Tetrazolium substrate 

Compound 
TPN | DPN 

1.0 0.4 
6-Phosphogluconate........................ | 0.6 0.33 
Ribose-5-phosphate.........................| 0.6 0.26 
Fructose-6-phosphate | 0.7 0.34 


The incubation mixtures consisted of 5 wmoles of substrate, 3.8 mg. of protein, 
60 umoles of NaF, 0.13 umole of TPN (or 0.15 umole of DPN), 45 wmoles of TTZ, 0.38 
umole of pyocyanine, 40 wmoles of Tris buffer, pH 7.5. Total volume, 1.7 ml.; tem- 
perature, 30°; time, 15 minutes. The optical density was read at 505 mu. 


The addition of pyocyanine improved the reduction of tetrazolium. 
For example, in a 10 minute incubation with G-6-P as substrate, 0.1 
umole of TTZ was reduced per micromole of substrate with this oxidant 
alone, while 0.18 umole was reduced per micromole of substrate in the pres- 
ence of both TTZ and pyocyanine. 


e 
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G-1-P was rapidly oxidized, probably by conversion to G-6-P. The | 
enzyme phosphoglucomutase has been demonstrated.? Aldolase was also an 
detected in the cell-free extract by the method of Bard and Gunsalus (8). str: 

Ribose-5-phosphate (R-5-P), 6-phosphogluconate (6-PGA), and fructose- 
6-phosphate (F-6-P) are oxidized by the cell-free extract, as shown in 


0:7 glucose-6- PO, 
0-6 
WwW 
< fructose-6- PO, 
oO 
Pen 
w @ Sed 
Hes 
- 2 7 
ribése-5-PO 
4 6-phosphogluconic equ 
° 
— 
6) 20 40 60 
TIME 
(minutes) p 
Fic. 4, Oxidation of hexose phosphates by a cell-free preparation of pea aphid: ar 
The incubation mixture consisted of 4 wmoles of substrates G-6-P and 6-PGA, 5 Tric 
umoles of substrate F-6-P and R-5-P, 45 (1.5 mg.) wmoles of TTZ, 0.07 umole of “a 
TPN; 2.0 mg. of protein, 20 wmoles of Tris buffer, pH 7.5.. Total volume, 1.6 ml.; arte 
temperature, 30°. The results are expressed as microatoms of O: uptake per mi- T 
cromole of substrate added to the vessel. 
1 
Fig. 4. F-6-P is oxidized as rapidly as G-6-P, indicating a rapid inter- uma 
conversion of these compounds. rem 
The reactions in the pentose cycle were then studied and their presence 
indicated as shown in the following experiments. 1 
(1) G-6-P — 6-PGA pea 
Since a pigment present in cell-free extracts of the aphid absorbs strongly app 
at 340 my, it was not possible to follow the reduction of TPN. The for- are 
mation of 6-PGA was demonstrated by cochromatography on paper. Om 
(2) 6 PGA — R-5-P (4) 
2 McGinnis, A. J., Newburgh, R. W., and Cheldelin, V. H., unpublished results. ‘l 
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As shown in Table 1V, 6-PGA is converted to pentose, sedoheptulose, 
and hexose. In addition, the formation of R-5-P and F-6-P was demon- 
strated by paper chromatography. 


(3) R-5-P — sedoheptulose, triose, and hexose 


IV 
Formation of Pentose, Sedoheptulose, and Hexose from 6-PGA in Pea Aphid 


umoles formed 


Compound formed 


| O min. Is min. | 15 min. | 45 min. | 60 min. | 90 min. 120 min. 
| 1.2 | 0.6 | 16 | 2.5 | 4.0 
| 0.15 | 0.19 0.4 | 
| | | 0) | 1.0 


The incubation mixture consisted of 8 umoles of 6-PGA, 68 mg. of protein, 0.13 
umole of TPN, and 400 wmoles of Tris buffer at pH 7.5. Total volume, 15 ml.; tem- 
perature, 30°. Aliquots were removed at the times indicated and mixed with an 
equal volume of 10 per cent trichloroacetic acid. 


TABLE V 


Formation of Seduoheptulose, Triose, and Hexrose from R-5-P by Pea 
Aphid 


Amount present, wmoles 
Compound 
Omin. tmin. Smin. 20 min. 40 min. 60 min. 90 min. 120 min. 


Sedoheptulose...............| 0 | 1.3] 2.5 | 2.2! 3.0} 2.5 | 2.1 | 2.0 
10 10 | 98) 8.0! 81) 8.1) 8.0 | 7.9 


The incubation mixtures consisted of 10 wumoles of R-5-P, 70 mg. of protein, 400 
umoles of Tris buffer, pH 7.5. Total volume, 10 ml.; temperature, 30°; aliquots 
removed as in Table IV. 

* Micromoles of carbon divided by 5. 


Table V depicts the formation of triose, SH, and hexose with the disap- 
pearance of pentose, when R-5-P is used as substrate. The very rapid 
appearance of SH and triose and the more gradual accumulation of hexose, 
are to be expected from pentose cycle activity, and recall the similar 
results obtained with Acetobacter (6). 


(4) F-6-P — G-6-P 


This reaction was followed in the reverse manner by measuring the 


44 OXIDATION OF CARBOHYDRATE BY PEA APHID 


formation of fructose from G-6-P in the absence of TPN. 5 umoles of 
fructose were formed in 30 minutes from 10 umoles of G-6-P. In addition, 
cochromatography indicated the formation of G-6-P from F-6-P. 


(5) Cofactors for oxidation of FDP 


It was difficult with the preparations described to demonstrate an effect 
of Mg** in the systems studied. This was made possible, at least for the 
oxidation of FDP, by dialyzing the cell-free extract for 3 hours at 0° 
against Dowex 50 (hydrogen form) in the outer cell. This treatment 
apparently also removed FMN or other flavins, since increased activity 
was obtained when small amounts of FMN were added to the dialyzed 


VI 
Effect of Mg** and FMN on Oxidation of FDP and G4-P in Pea Aphid 


umole of TTZ reduced per = substrate 


added initial 
FDP | G-6-P 
Complete system. . G 0.22 0.42 
No Mg*+....... | 0.017 0.44 
FMN...... 0.18 0.42 
“ Mg*+, | 0.005 0.44 


The incubation mixture consisted of 3.2 mg. of protein, 0.13 umole of TPN, 45 
ymoles of tetrazolium, 0.38 ymole of pyocyvanine, 0.05 ymole of FMN, 2 umoles of 
Mg as indicated, 4 wmoles of G-6-P, 20 uymoles of Tris buffer, pH 7.5. Total volume, 
1.6 ml.; temperature, 30°; time, 15 minutes. 


preparation. The results are shown in Table VI. Neither Mg nor FMN 
had any effect on the oxidation of glucose-6-phosphate. 


DISCUSSION 


Evidence has been accumulating that the pentose cycle is operative in a 
variety of organisms (4-7). The studies in this and the preceding papers 
indicate that this cyclic mechanism, which can account for the oxidation 
of hexoses to carbon dioxide and water, occurs in even more unrelated 
species. This broad distribution poses the question of the general impor- 
tance of this pathway of carbohydrate oxidation. If, as suggested by 
Krebs et al. for yeast (9), the Krebs cycle should serve mainly to synthe- 
size amino acids or other essential metabolites, then the pentose cycle 
might function in some organisms as a major energy source. This would 
seem especially worthy of consideration in Acetobacter, where Krebs cycle 
activity is slight (6, 10). Presumably, an apparatus for oxidative phos- 
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phorylation is present in each of the species containing the pentose cycle, 
since pyridine nucleotide-linked oxidations occur; phosphorylations coupled 
to pyridine nucleotide oxidations have been amply demonstrated (11). 
The use of pentose cycle carbon for organic syntheses is also possible, as in 
nucleotide formation or in carboxylation of pentose (12, 13), although on 
the basis of present knowledge the Krebs cycle might be expected to pro- 
vide a greater variety of metabolic intermediates. It would appear that 
a continued evaluation of the relation of the pentose cycle to carbohydrate 
oxidation, the energetics of the cell, and to mitochondrial activity (in 
which the Krebs cycle activity resides) is necessary. Studies of these 
relationships are in progress. 


The authors gratefully acknowledge the advice and counsel of Dr. P. O. 
Ritcher of the Department of Entomology, Oregon State College, who sug- 
gested the organism to be used, and directed the obtaining of the pea aphid 
in quantities sufficient to use for enzyme studies. 


SUMMARY 


The oxidation of carbohydrates by way of the pentose cycle has been 
demonstrated to occur in the pea aphid. The implications of this finding 
and the presence of this cyclic mechanism in other organisms have been 
discussed. 
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A STUDY OF THE MECHANISM OF SERINE BIOSYNTHESIS* 
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Elwyn et al. (1, 2) have demonstrated that the C,; unit formed from serine 
is of the oxidation level of formaldehyde rather than formate. They 
compared the dilution of the C™ and deuterium of 2,3-deuterio-3-C™, N'- 
L-serine that occurred during the conversion of the serine 6-carbon to 
methyl groups in rats. The results indicated that this carbon did not pass 
through an intermediate, such as formate, which required the loss of 1 of 
the hydrogen atoms. In consideration of the results of Elwyn et al. and 
the general implication of the citrovorum factor, 5-formyl-5,6,7 ,8-tetra- 
hydrofolie acid, in the metabolism of C; compounds, Welch and Nichol (3) 
proposed that the C, unit formed from serine was a reduced form of citro- 
vorum factor, 5-hydroxymethyl-5 ,6,7 ,8-tetrahydrofolic acid, a hypothet- 
ical condensation product of formaldehyde and tetrahydrofolic acid. 

The formulation of the biosynthesis of serine as a process involving a 
condensation between the a-carbon of glycine, activated by the Schiff base 
formation with pyridoxal phosphate (4), and 5-hydroxymethyl-5 ,6,7 ,8- 
tetrahydrofolic acid is reminiscent of the Mannich reaction (5). Serine 
would be produced by hydrolytic cleavage of the resulting product. The 
conversion of serine to glycine could occur by the reverse process. 

The participation of THFA' as a cofactor in the biosynthesis and 
cleavage of serine has been studied by adding it to pigeon liver extracts 
incubated anaerobically with glycine-1-C™ and L-serine. The assumption 
underlying this procedure was that the formation and breakdown of serine 
were catalyzed by a single enzyme. In this case, the 6-carbon atom of the 
L-serine would provide the C; unit for the conversion of glycine-1-C™ 


* The results of preliminary experiments in this investigation have been published 
(J. Am. Chem. Soc., 76, 1456 (1954)). 

This investigation has been supported by a grant-in-aid from the American Can- 
cer Society upon recommendation of the Committee on Growth of the National 
Research Council. 

'The following abbreviations are employed in this paper: THFA = 5,6,7,8- 
tetrahyvdrofolie acid; DHFA = 7,8-dihvdrofolic acid; FA = folie acid; THERA- 
CH.OH = 5-hydroxymethy1-5,6,7,8-tetrahyvdrofolic acid; THFA-CHO = citrovorum 
factor; ATP = adenosinetriphosphate; G-6-P = glucose-6-phosphate; DPN = 
diphosphopyridine nucleotide; TPN = triphosphopyridine nucleotide. 
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to serine-1-C"™. The sole addition of tetrahydrofolic acid produced a 
= C, + CH:NH:COOH 
C, + CH:NH.C*OOH CH,OHCHNH.C*tOOH 


pronounced stimulation of the incorporation of glycine-1-C™ into serine 
even when the extract had been treated previously with Dowex 1 chloride 
and dialyzed. The incorporation of formaldehyde and formate into ser- 
ine has also been studied, and it has been possible to reactivate treated? 
extracts by the addition of THF A and, in the case of formate, of ATP and 
a reducing system. 


EXPERIMENTAL 
Materials and Methods 


5,6,7,8-Tetrahydrofolic acid was prepared by the method of Broquist 
et al. (6), 7 ,8-dihydrofolic acid by the procedure of O’Dell et al. (7), formate- 
C" according to Melville et al. (8), and formaldehyde-C" by the procedure 
of Siegel and Lafaye (9). 

Male pigeons were obtained from the Palmetto Pigeon Plant. 

Phosphate buffer extracts of pigeon liver were prepared by the procedure 
of Berg (10), lyophilized, and stored in vacuo at —10°. Extracts were 
treated with Dowex 1 chloride (50 to 100 mesh, 4 per cent cross-linked) by 
the following procedure: 880 mg. of the lyophilized powder were dissolved 
in 8 ml. of ice-cold distilled water and stirred with 3 gm. of Dowex resin 
(prepared by the method of Chantrenne and Lipmann (11) and dried in 
air) in an ice bath for 10 minutes. After removal of the resin by centrif- 
ugation at 0°, the extract was diluted with an equal volume of cold 0.2 m 
potassium phosphate buffer, pH 7.5, and dialyzed in Visking NoJax casing 
(8/32 inches) suspended in flowing 0.1 mM potassium phosphate buffer, 
pH 7.5, at 2°. Extracts treated with Dowex 1 chloride and dialyzed 
were stable toward lyophilization. 

Incubation was carried out in Thunberg tubes at 34°. The radioactive 
substrate was placed in the side arm and all other components of the in- 
cubation mixture were added to the main compartment which was im- 
mersed in an ice bath. The gas phase was hydrogen at atmospheric 
pressure. At the end of the incubation 1 ml. of 20 per cent trichloroacetic 
acid was added and the mixture was centrifuged. The value for the ‘‘total 
activity fixed”? (Table V) was determined by adding 0.1 ml. of the super- 
natant solution to 2 ml. of 1 N HCl in a Pyrex ashing dish and evaporating 
to dryness under an infra-red lamp. The activity of the residue was 
determined with an end window Geiger-Miiller counter.’ Serine and 


2? Treated with Dowex 1 chloride and dialyzed. 
’ The self-absorption of these samples was determined to be negligible. 
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glycine were isolated from aliquots of the protein-free incubation mixture 
by chromatography on Dowex 50 (100 to 200 mesh, 12 per cent cross- 
linked) with 1 N HCl as the eluent. When radioactive glycine as well as 
serine was present, 50 X 1 cm. columns were used; otherwise 25 X 1 cm. 
columns were employed. The activity of the serine and glycine was 
determined by evaporating aliquots of the respective fractions on Pyrex 
ashing dishes and measuring radioactivity as in the determination of total 
“fixed” activity. This procedure did not cause loss of activity of the 
samples. 

The identification of the activity of the serine fraction of the Dowex 
chromatogram with serine was further established by ascending paper 
chromatography with Whatman No. 4 filter paper and 80 per cent pyridine- 
water as the solvent. All of the radioactivity on the paper was located in 
a single spot possessing the PR, of L-serine. 

Serine was determined by a modification of the procedure of Frisell et al. 
(12) in which formaldehyde resulting from the periodate oxidation of 
serine was determined with Schiff’s reagent rather than with chromotropic 
acid. In our hands this modification permitted greater precision. 

The activity of the 6-carbon of serine was determined by dilution of the 
formaldehyde formed from serine by periodate oxidation with carrier 
formaldehyde and conversion to the dimedon derivative. An aliquot of an 
alcohol solution of the formaldehydemethone was evaporated on a Pyrex 
ashing dish and counted.’ Protein was determined by the biuret method 
(13). 


Results 


Pigeon liver extracts possess varying abilities to interconvert glycine and 
serine. This ability is slowly lost on storage of the lyophilized powder. 
The extract used in the experiment shown in Table I had been stored for 
several months and had retained very little activity. The sole addition of 
THFA produced a marked increase in the radioactivity of the serine. It 
has not been possible to demonstrate any other requirement of this reaction. 
When the extracts were treated with Dowex | chloride and subjected to 
prolonged dialysis, they were restored to the activity of the original prep- 
aration supplemented with THFA by the sole addition of THFA (Table 
I). The further addition of ATP, pt-homocysteine, or DPN (Table II) 
produced no additional activation. The incorporation of formate-C"™ in- 
to serine (10) and the interconversion of glycine and serine‘ in untreated 
pigeon liver extracts are stimulated by pi-homocysteine. However, ho- 
mocysteine does not increase the incorporation of glycine into serine in 
treated? extracts with or without THFA supplementation. 


* Unpublished experiments of R. L. Kisliuk and W. Sakami. 
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Folic acid could not replace tetrahydrofolic acid in stimulating the incor- 
poration of glycine-C™ into serine and was inhibitory when added together 
with THFA. 


TABLE I 
Effect of THF A on Incorporation of Glycine-1-C4 into Serine 


Preparation : Addition Total activity of serine 

1. Untreated extract None 200 
2. | THFA 7600 
3. Treated extract | None 300 
4. | THFA 7600 
5. ” | FA 0 
| THFA + FA 5200 


1 ml. of untreated or Dowex-treated, dialyzed (15 hours) extract (30 mg. of pro- 
tein), 3.5 umoles of glycine-1-C'* (16,600 ¢.p.m. total), 8 umoles of L-serine, 3.5 umoles 
of THFA, 3.0 umoles of FA, 100 umoles of potassium phosphate buffer, pH 7.5. Total 
volume 2 ml. Incubation 1 hour. 


TaBLe II 
Effect of Various Additions on Incorporation of Glycine-1-C™ into Serine 
Additions Activity of serine 

2760 
4310 


0.5 ml. of Dowex-treated, dialyzed (22 hours) extract (14 mg. of protein), 10 
pmoles of glycine-1-C' (11,000 ¢.p.m.), 10 wmoles of L-serine, 5.0 umoles of pL-homo- 
cysteine, 3.5 umoles of THFA, 10 wmoles of ATP, 1.0 umole of DPN, 100 wmoles of 
potassium phosphate buffer, pH 7.5. Total volume 2 ml. Incubation 11 minutes. 


Results similar to these have been briefly reported by Blakley (14). 

The incorporation of formaldehyde and formate into serine was studied 
by incubating pigeon liver extracts with formaldehyde-C™ or formate-C™ 
and glycine and determining the amount and the total activity of the 
serine formed. The addition of THEA to inactivated extracts strongly 
stimulated the incorporation of formaldehyde-C™ into serine (Tables III 
and IV). The specific activity of the serine and of the serine B-carbon was 
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determined (Table IV) and found to be equal to that of the formaldehyde 
used in the incubation within the experimental error. This demonstrated 


TaBLe III 

Incorporation of Formaldehyde-C™ into Serine in Pigeon Liver Extract 

Preparation | Additions | Activity in serine 
| c.p.m. 

Treated None | 180 

THFA | 112,000 

+ ATP | 124,000 

| + pi-homocysteine 54,000 

| DHFA 7,500 

Untreated None 1,350 

ws | THFA | 96 ,000 

| ATP 90 ,000 

| + pL-homocysteine | 51,000 

" | DHFA | 47 ,000 


1 ml. of extract untreated (37 mg. of protein) or treated twice with Dowex 1 chlo- 
ride and dialyzed (24 hours) (25 mg. of protein), 6.5 umoles of HCHO-C' (280,000 
c.p.m.), 10 wmoles of glycine, 10 wmoles of ATP, 5 wmoles of pL-homocysteine, 3.5 
umoles of 3.5 umoles of DHFA. Total volume 2 ml. Incubation 13 minutes. 


TaBLe IV 
Effect of Folic Acid Derivatives on Formaldehyde Utilization 
| None | FA | DHFA | THFA 
Additions 
| Activity in serine 

| | 110 3,850 | 61,000 
3. “ DPN, Mn80,, G-4-P............ | «580 54,000 | 61,000 


1 ml. of Dowex 1-treated, dialyzed (24 hours) extract (40 mg. of protein), 6.5 
umoles of formaldehyde-C' (280,000 ¢.p.m.), 10 wmoles of glycine, 3.5 umoles of FA, 
3.5 umoles of DHFA, 3.5 umoles of THEA, 10 umoles of ATP, 1.0 umole of DPN, 1.0 
umole of MnSQ,, 10 wmoles of glucose-6-phosphate, 100 wmoles of potassium phos- 
phate buffer, pH 7.5. Preincubation 7 minutes before tipping in formaldehyde. 
Total volume 2 ml. Incubation 5 minutes. 

* The specific activities of the serine, the serine 8-carbon isolated, and the for- 
maldehyde added to the incubation mixture were 45,000, 41,300, and 43,000 e.p.m. per 
umole, respectively. 


that the incorporation of formaldehyde activity into serine occurred by a 
net synthesis. As in the case of the interconversion reaction of serine and 
glycine, it has not been possible to detect any other cofactor requirement of 
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this reaction. The activity of the treated? extract stimulated by THFA se 
was approximately equal to that of the untreated pigeon liver preparation m 
similarly supplemented (Table IV). Moreover, additional supplementa- tic 
tion with ATP or with a mixture of ATP, DPN, Mn*, and glucose-6- in 
phosphate produced no further effect in either preparation. This mixture ti 
was added with the assumption that it would reconstitute the glycolytic ar 
system of pigeon liver extract, thereby increasing the supply of ATP. th 
It is also provided reduced DPN. Homocysteine decreased the activity T 
su 
TABLE V 
Effect of Tetrahydrofolic Acid and Other Substances on Incorporation of Formate-C'% in 
into Serine B-Carbon ex 
Experiment | Activity | Total of 
No. | of serine | activity fixed 6- 
| c.p.m. c.p.m. ak 
1 None | 20 di 
THFA | 220 aC 
ATP + DPN + MnsSO, + G-6-P 79,000* 
ATP + DPN + MnSO, + G-6-P 180 
2 THFA + ATP + DPN + MnSQ, + G-6-P 98 ,000 95,000 " 
less ATP 6,500 6 , 300 
DPN 27 ,000 45,000 
* G-6-P 1,600 82,000 
MnSO, 28 ,000 28 , 500 
Untreated extract + THFA + ATP + DPN + 100,000 112,000 er 
MnSO, + G-6-P | su 
1 ml. of Dowex 1-treated, dialyzed (24 hours) extract (Experiment 1, 45 mg. d 1 
protein, Experiment 2, 41 mg. of protein) or untreated extract (45 mg. of protein), | 
5 umoles of inematet™ (270,000 c.p.m.), 10 wmoles of glycine, 3.5 umoles of THFA, ac 
10 umoles of ATP, 1.0 umole of DPN, 2.0 umoles of MnSQ,, 20 umoles of G-6-P. Total or 
volume 2 ml. Incubation 30 minutes. ar 
* The specific activities of the serine, the serine B-carbon, and the formate added ar 
to the medium were 59,000, 51,000, and 54,000 c.p.m. per umole, respectively. de 
incorporated into serine as would be expected according to its ability to 
bind formaldehyde (10). DHFA was much more strongly stimulatory in a 
the untreated than in the treated extract (Table IV). Although the ad- ™ 
dition of DHIA produced very low serine activity when added to the 4 
treated’ extract, further supplementation of the extract with ATP, DPN, 7 
Mn+, and glucose-6-phosphate raised the activity of the serine almost : 
to that produced by the addition of THFA. FA was slightly active under » 
these conditions. 
Similar results have been briefly reported by Blakley (14). 
The addition of THFA alone to treated? pigeon liver extracts did not * 
produce a significant increase in its ability to incorporate formate-C"™ into T) 
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serine (Table V). This was not unexpected, since the conversion of for- 
mate to the serine 6-carbon involves a reductive step. The further addi- 
tion of ATP, DPN, MnSQs,, and glucose-6-phosphate produced a marked 
incorporation of formate carbon into serine (Table V). The specific ac- 
tivity of the serine and of the serine 6-carbon was determined (Table V) 
and found to be approximately equal to that of the formate, indicating that 
the introduction of formate-C™ into serine occurred by a net synthesis. 
The activity of the serine was similar to that produced by untreated enzyme 
supplemented in the same manner (Table V). 

In agreement with the report of Berg (10), homocysteine stimulated the 
incorporation of formate-C™ into serine in the untreated extract. How- 
ever, it did not significantly activate the treated? preparation. The effect 
of single omissions from the additions of ATP, DPN, MnSO,, and glucose- 
6-phosphate on the activity of the serine has been determined. In the 
absence of any one of these substances the radioactivity of the serine was 
diminished. The absence of DPN or glucose-6-phosphate resulted in an 
accumulation of formate-C™ in some compound that was not serine. The 
nature of this substance is being investigated. These results suggest that 
reduced DPN is not required in the initial phase of formate utilization. 


DISCUSSION 


The finding that the conversion of glycine-C" to serine-C" in the pres- 
ence of L-serine is strongly stimulated by the sole addition of THFA®*: ® 
supports the hypothesis that the formation of serine from glycine and the 
breakdown of serine are catalyzed by a single enzyme for which the name 
serine hydroxymethylase is proposed since it catalyzes the removal and 
addition of a hydroxymethyl group. It is uncertain whether THFA itself, 
or a derivative, is the physiological cofactor of this reaction. Folic acid 
and citrovorum factor occur in animal tissues largely in bound form (15-19) 
and it is possible that the cofactor of serine hydroxymethylase is a similar 
derivative of THFA. 

The scheme relating formate, formaldehyde, and serine shown in Fig. 1 
is tentatively proposed to account for the results obtained in the present 
investigation. This scheme is similar to the one proposed by Berg (10) 
except that homocysteine has been replaced by THFA.® According to the 
present hypothesis, the C, unit directly involved in serine biosynthesis is 
THFA-CH.OH.> Formaldehyde is utilized for the formation of the serine 
B-carbon by enzymatic condensation with THFA‘® producing THFA- 


5 Or a derivative. 

6 Serine hydroxymethylase has been purified by precipitation with ammonium 
sulfate (between 25 and 40 per cent saturated at 2°). This preparation possessed 4 
times the specific activity of the original and was activated by the sole addition of 
THFA. 
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CH,OH.® Formate utilization is assumed to occur by a pathway in which 
THFA?® and formate are combined in the presence of ATP and Mn‘** to 
form THFA-CHO.6 THFA-CHO?® is then reduced to THFA-CH.OH® 
by a DPN enzyme system. It is also possible that TPN rather than 
DPN is involved in this reduction. DPN is converted to TPN in liver in 
the presence of ATP (20). 

The enzymatic nature of the formation of THFA-CH.OH®$ from THFA$ 
and formaldehyde has been indicated by studies of deoxycholic acid ex- 
tracts of rat liver particles.’ When supplemented with THFA, this prep- 
aration catalyzes the rapid interconversion of serine and glycine but does 


Serine-B-Carbon 


Thymine- CH; 
Choline-CH, 


THF 
Formaldehyde Hydr oxymethyl-THFA 


(derivative ? ) 


DPNH |IDPN 
ATP 
Formate Citrovorum Factor 
Mn (derivative ? ) 
THFA 
DPNH Purines 
Folic Acid 


Fic. 1. Interrelationships between 1-carbon compounds 


not utilize formaldehyde as would be expected if the formation of THFA- 
CH.OH were solely a spontaneous process. 

The effect of single omissions from the mixture of ATP, DPN, Mn*+, 
and glucose-6-phosphate is consistent with this scheme. When ATP or 
Mnt* was omitted, the amount of formate-C" incorporated into non-acid- 
volatile substances was considerably reduced and all of this activity was 
accounted for as serine. These findings are consistent with a rédle of ATP 
and Mn** in the initial process of formate utilization. When DPN or 
glucose-6-phosphate was omitted, considerable formate was converted to a 
substance that was not serine but which may have been citrovorum factor. 
The formation of citrovorum factor from folic acid in liver has been ob- 
served by Nichol (21). These results are consistent with the hypothesis 
that the initial step in formate utilization does not involve reduction and 
that formate is not converted to serine via formaldehyde. 


* Unpublished experiments of 8. Deodhar and W. Sakami. 
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The scheme shown in Fig. 1 is consistent with the literature on the 
relationships of compounds possessing a single carbon atom. It is also 
consistent with the indication that formate and formaldehyde do not 
undergo obligatory interconversion in their incorporation into carbons 
2 and 8 of purine (22) but are metabolized via a common intermediate. 
Furthermore, the scheme agrees with tracer studies showing that the car- 
bons of 6-deuterioserine-C" and deuterioformate-C™ are incorporated into 
choline (23, 1, 24) and thymine (1, 24) methyl groups with little or no loss 
of deuterium. In the case of the formate utilization, the interconversion 
of citrovorum factor and THFA-CH,OH would not be expected to produce 
loss of carbon-bound deuterium. Hydrogen would be expected to add to 
the formyl group in the reduction of the citrovorum factor, as in most 
biological reactions, with a single spatial distribution and would be the 
same hydrogen atom removed in the reversal of this process. In the case 
of serine, the results are consistent with the existence of a THFA-CH.OH 
intermediate which can undergo rapid reversible conversion to citrovorum 
factor though not with obligatory conversion to the latter compound. 
Ratios for C":D dilution of 0.97 to 0.89 (1) and of 0.75 and 0.78 (1, 24) 
for the conversion of serine B-C4D.OH to choline methyl groups and to 
thymine methyl] groups, respectively, have been reported. Conversion of 
THFA-CH.,OH to THFA-CHO and back to THFA-CH.OH would result 
in a ratio of 0.50. Repetition of this process would not be expected to 
decrease the ratio further, since the hydrogen with a single spatial distri- 
bution would be removed and added in each oxidation and reduction. 
Since the THFA-C"“DO may be highly diluted by a pool of unlabeled 
citrovorum factor, the THFA-C“DHOH produced from it may contribute 
relatively little C™ or deuterium to methyl groups, compared with THFA- 
C4D.OH directly formed from serine. Under these conditions the THFA- 
CH,OH and THFA-CHO could undergo extensive interconversion with 
little effect on the ratio of C':D dilution of the thymine or choline methyl] 
groups. 

The participation of citrovorum factor in purine synthesis and breakdown 
in pigeon liver has been indicated by recent reports. Buchanan and Schul- 
man (25) observed a stimulatory effect of leucovorin on the incorpora- 
tion of radioactive formate into inosinic acid in a pigeon liver enzyme 
system. Greenberg (26) later observed the formation of a substance from 
leucovorin and ATP that converted 5-amino-4-imidazolecarboxamide to 
inosinie acid. Flaks and Buchanan (27) have reported the stimulation of 
the reverse process by the natural citrovorum factor, glycine, and copper. 
The conversion of both the serine 6-carbon and formate to carbons 2 and 8 
of purine involves some process in which a labilization of the carbon- 
bound hydrogen occurs (24). 
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SERINE BIOSYNTHESIS 


The réle of homocysteine in serine formation is uncertain. Berg tenta- 
tively postulated the existence of S-formyl- and S-hydroxymethylhomocys- 
teine intermediates of formate metabolism to explain the specific stimula- 
tory effect of homocysteine on the incorporation of formate-C™ into serine 
6-carbon in untreated pigeon liver extracts (10). Deodhar subsequently 
found that homocysteine stimulates and cysteine inhibits the incorporation 
of formate-C' into serine 6-carbon in untreated chicken liver extracts.’ 
Homocysteine does not, however, stimulate the interconversion of serine or 
glycine or the utilization of formaldehyde and formate in Dowex-treated, 
dialyzed extracts supplemented with THFA. Studies of Doctor and 
Couch (18) suggest that homocysteine may be involved in the reduction 
of folic acid to tetrahydrofolic acid. Homocysteine was reported to in- 
crease the conversion of folic acid to citrovorum factor; glutathione, ascor- 
bic acid, and cysteine were without effect. 


SUMMARY 


The incorporation of glycine and formaldehyde-C" into serine in Dowex 
1-treated and dialyzed pigeon liver extracts has been reactivated by the sole 
addition of 5,6,7,8-tetrahydrofolic acid. Formate-C™ incorporation has 
been stimulated by the addition of tetrahydrofolic acid, together with ATP, 
DPN, Mn*-, and glucose-6-phosphate. The introduction of formaldehyde 
and formate-C™ into serine occurred by net synthesis of the amino acid. 
The implications of these findings have been discussed. 
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DETERMINATION OF NUCLEIC ACIDS IN 
ANIMAL TISSUES 


By GIOVANNI CERIOTTI* 


(From the Division of Experimental Chemotherapy, Sloan-Kettering Institute for 
Cancer Research, New York, New York) 


(Received for publication, September 21, 1954) 


As reported in a previous paper (1), a new microchemical method for the 
determination *of deoxyribonucleic acid (DNA) has been devised which 
permits the evaluation of DNA in amounts as small as 2.5 y per ml. The 
method is particularly useful with very small quantities of tissue. For 
this reason a study was undertaken to learn the best conditions for the 
application of the method to the determination of DNA in animal tissues. 
The reaction of DNA with indole was compared with the diphenylamine 
reaction according to Dische (2). At the same time, a modification of the 
Barrenscheen and Peham (3) method for ribose determination with orcinol 
was worked out in order to determine pentose nucleic acid (PNA) in the 
same organ extracts. Total nucleic acid P of tissues was calculated from 
the PNA and DNA contents, found by means of color reactions. These 
values were compared to those obtained by a direct chemical method. 
Readings were also taken at 260 and 268 my and their values compared 
with those calculated from the results of the color reactions. 


EXPERIMENTAL 


DNA Reaction with Indole—Since DNA was to be determined in tissue 
extracts, it was necessary to test the effect of the usual nucleic acid extrac- 
tion media (trichloroacetic acid, HClO,, NaOH) on the indole reaction. 

The standard curve was made with a sample of DNA from calf thymus, 
prepared according to the Hammarsten method and having the following 
characteristics: N 13.4, P 8.0, adenine 10.0, guanine 7.4, cytosine 4.7, 
thymine 8.4 per cent, N:P 1.68 (from Dr. L. Cavalieri). 

The DNA reaction with indole! was performed under several different 
conditions. Previous boiling of the DNA solution in 0.1 N NaOH for half 
an hour did not affect the results. This was also true when the solution in 
N KOH was incubated for 24 hours at 37°. The small amount of alkali 
introduced into the reaction did not cause any variation in the results; 
however, when used for tissue extraction, alkaline treatment presented 


* Present address, Centro Tumori di Busto Arsizio (Italy), Reparto Ricerche 
Scientifiche. 
' The indole was purified by distillation under reduced pressure. 
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several disadvantages. With organs rich in lipides or connective tissue, 
the extracts are never completely clear; furthermore, consistently lower 
values were obtained for PNA determinations than with the perchloric 
acid procedure. 

Trichloroacetic acid, in the amounts usually employed for deproteiniza- 
tion, reacts with indole, giving a pink, cloudy color that is extracted com- 
pletely by chloroform. At the same time it inhibits the reaction between 
indole and DNA. 

Perchloric acid tested in a final concentration of 3.3 per cent, which is 
about 3 times that usually employed in the test, did not enhance or de- 
crease the intensity of the color formed during the reaction. 

Pentose Reaction with Orcinol—In 1941 Barrenscheen and Peham (3) re- 
ported that the Bial reaction can be improved by substituting cupric chlo- 
ride for ferric chloride. They emphasized the fact that the boiling time 
should be exactly 10 minutes, because longer boiling increases the intensity 
of the color and causes a precipitation of the colored compound even at 
relatively low concentrations; they pointed out also the different slopes of 
the absorption curves given by arabinose, xylose, adenosine, and adenosine- 
triphosphoric acid under the same experimental conditions. As Albaum 
and Umbreit (4) have demonstrated, the different slopes of these curves 
are due to the different rates of furfural formation from the compounds 
under consideration. For adenosinetriphosphoric acid, the furfural yield 
is completed in 10 minutes of hydrolysis; for the other compounds more 
time is required. After 40 minutes of boiling the pentose and pentose 
purine nucleosides and nucleotides give all the furfural accounted for by 
their ribose content; no furfural is formed from pyrimidine nucleotides. 
Also with PNA the color intensity increases until 40 minutes hydrolysis 
and then remains almost constant. 

At the low concentrations used (2 to 20 y of ribose per ml.), and after 
prolonged hydrolysis, formation of precipitates has never been observed. 
Precipitates form at higher concentrations and eventually, when trichloro- 
acetic acid is present, in rather large amounts. After 10 minutes of hy- 
drolysis, the color formed is blue; it then turns green. After 40 minutes of 
hydrolysis the color intensity remains constant or decreases only slightly. 
The color is easily extracted without any change by either amy] or isoamy] 
alcohol. By this means the color can be concentrated and the sensitivity 
of the reaction thus increased. Also when the color is precipitated, it dis- 
solves completely in the alcohol. 

The reaction is performed according to the following procedure. 

Reagents—0.004 mM in concentrated HCl (density 1.19); con- 
centrated HCl, c.p. (density 1.19); orcinol freshly recrystallized (m.p. 106°). 
Solution to be tested, at concentrations of ribose ranging from 2 to 20 y 
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per ml. Isoamyl alcohol (b.p. 128.5°), freshly redistilled and filtered after 
shaking with Darco G-60. 

200 mg. of orcinol are dissolved in concentrated HCl; 10 ml. of the 
CuCl,-H,0 solution are added, and the volume is made up to 100 ml. with 
concentrated HCl. To 5 ml. of the solution to be tested, 5 ml. of the re- 
agent are added. ‘The test-tubes are shaken thoroughly and immersed in a 
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Fic. 1. Absorption spectrum of the color formed by the reaction of ribose and 
PNA with orcinol. 


boiling water bath for 40 minutes; then they are cooled under running 
water. 

The color is extracted with 5 ml. of isoamy! alcohol, and, after centrifuga- 
tion, is read on a Beckman spectrophotometer at 675 my against a blank 
treated in the same manner (see Fig. 1). 

Lambert-Beer’s law is followed at concentrations ranging between 2 and 
15 y of ribose per ml. The results are constant and reproducible, and the 
color is stable. The optical density for 1 y of ribose per ml. is 0.0715 
(Fig. 2). 

The results given by PNA were especially studied. 

The PNA used presented the following characteristics: N 14.5, P 8.3 per 
cent, N:P 1.74; content of purine and pyrimidine bases in millimoles per 
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gm., guanine 0.86, adenine 0.64, cytidine 0.56, uridine 0.50, ribose 2.56 
gm. (38.4 per cent). The purine-bound ribose corresponds to 57.6 per 
cent of the total ribose. From several tests at different concentrations of 
PNA, the ribose hydrolyzed was found to be 59.87 per cent of the total, 


OPTICAL DENSITY 
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Fig. 2. Absorption curves of the orcinol reaction. ©, ribose; O, PNA (P con- 
tent 8.3 per cent; purine-bound ribose 57.6 per cent). The straight line indicates 
the theoretical absorption for a PNA containing 9.5 per cent P. 


with a deviation in the different tests of +1.94. These differences are 
within the limits of error of the method and therefore are not significant. 

Practically, only the purine-bound ribose was hydrolyzed. On the basis 
of the data reported above, the average ratio between the optical density 
for 1 y of ribose and 1 y of PNA is 3.76. 

This factor can be used to determine the PNA content of an unknown 
sample on the basis of the curve for ribose. When the PNA was dissolved 
in 0.1 nN NaOH solution and boiled for half an hour before performing the 
reaction, the data obtained were the same as with a neutral unboiled solu- 
tion. DNA solutions at a concentration of 2 mg. per ml., when submitted 
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to the orcinol test, gave a color corresponding to 4.5 y of ribose per ml.; 
that is, to 17.0 y of PNA. This represents an interference of 0.85 per cent. 

Determinations by Ultraviolet Absorption—These were carried out both 
at 260 and 268 mu. In fact, as Ogur and Rosen (5) have pointed out, the 
absorption maximum for PNA is at 260 my, for DNA at 268 my, when the 
readings are performed in perchloric acid solution. The optical density 
for PNA was 0.316 at 260 my and 0.298 at 268 my per y of P (Table 1). 
The optical density for PNA appeared to be the same when the readings 
were made in 0.1 N NaOH as those in 10 per cent perchloric acid solution. 
On the contrary, the DNA absorption decreased in 0.1 N NaOH solution 
compared with that in 10 per cent perchloric acid. 


TABLE 
Optical Densities of PNA and DNA with Different Reactions 
The optical densities per microgram of nucleic acid have been calculated for DNA 
and PNA corresponding to the classical tetranucleotide formula; therefore P = 9.89 
and 9.5 per cent, respectively. 


! 


DNA | PNA 
Optical density | | Dipheny!- | Ultra- | Ultra. | Orcinol | Ultra- Ultra. 
ro amine violet* | violet* | action Violet violet 
reaction at 260 mp at 268 at 260 mp at 208 my 
| 
(0.228) 0.0265 0.274 0.286 0.200 0.316 0.298 
“ © nucleic acid... 0.0225 0.00263 0.0270 0.0284 0.019 0.0300 0.0283 
| | | | 


* In 10 per cent perchloric acid solution. 


Phosphorus Determination—The P was determined, after incineration 
with 0.2 ml. of perchloric acid at 250°, by the amidol (2 ,4-diaminophenol 
dihydrochloride) reagent (6). The weights of the different organs ranged 
usually between 0.5 and 2.0 mg. (dry weight) according to their nucleic 
acid content. Samples of 0.4 to 1.5 ml. of the tissue extracts were made 
up to 2 ml. with 10 per cent perchloric acid and then incinerated. 

Preparation of Organ Extracts—Extraction of organs is based on the tech- 
nique described by Ogur and Rosen (5). Immediately after the animal was 
sacrificed, the organs were minced, weighed, and extracted twice with 
absolute alcohol and twice with ether. After drying, the residue was ex- 
tracted with cold 2 per cent perchloric acid in the refrigerator for 20 min- 
utes and then centrifuged in the cold. The supernatant fluid was dis- 
carded. The procedure was repeated. The residue was then extracted 
with 10 per cent perchloric acid at 70° for 20 minutes, centrifuged, the su- 
pernatant fluid saved, and the residue extracted again. The combined 
supernatant solutions were diluted to provide an estimated concentration 
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ranging between 10 and 15 y of DNA per ml. and about 25 to 35 y of PNA 
per ml. 

An alternative technique was often used. The organs were left in abso- 
lute alcohol for a few hours, and then the aleohol was changed. They 
could be stored in alcohol, then in alcohol-ether and ether, for a few weeks, 
and subsequently dried completely in. a desiccator without any noticeable 
variation in DNA and PNA content. After determination of the dry 
weight, the perchloric acid extractions were performed as described above. 

The amount of tissues used and the final dilution varied according to the 
estimated difference in nucleic acid content. Usually the extraction was 
performed with 1 ml. of 10 per cent perchloric acid per 3 to 4 mg. for liver 
and kidney, 1.5 to 2 mg. for spleen, lung, and pancreas, and 0.5 mg. for 
thymus. The perchloric acid extracts were further diluted 6 to 12 times 
with distilled water for the indole reaction. The final perchloric acid con- 


TABLE II 
Recovery of DNA from Spleen Extract by Indole Reaction 
DNA of spleen extracts, 31.7 y per ml. 


DNA added | Total DNA : Recovery | Per cent recovery 
17.2 | 48.9 48.2 | 98.5 
34.4 66.1 | 64.2 | 97.0 

| | 


tent was thus lower than that used for testing its eventual influence on the 
reaction. 

For the orcinol reaction, dilution with distilled water ranged between 3 
and 10 times. For ultraviolet readings, the perchloric acid extracts were 
diluted 15 to 20 times with 10 per cent perchloric acid. Phosphorus de- 
terminations and the diphenylamine reaction were performed on the undi- 
luted extracts. 3 ml. were used for the DNA and 5 ml. for the PNA de- 
terminations. The tests were always run in duplicate. 

The DNA determination with diphenylamine was also made. All the 
extraction procedure was performed in the same centrifuge tube in order to 
avoid any loss and to permit the use of very small samples of tissues. 

The indole reaction makes it possible to work with samples as small as 
25 mg. of wet tissue (sarcoma 180); when thymus is employed, the amounts 
may be much smaller. Some recovery experiments were conducted by 
adding different amounts of pure DNA to the organ extracts. The re- 
covery was complete within the limits of error of the method (+4 per cent) 
(Table IT). 
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Calculations—In order to compare the results obtained by the various 
methods, calculations were made according to the following outline. The 
DNA and PNA contents for 100 y of dry tissue were calculated from the 
results of the absorption given by the different reactions on the basis of 
their specific optical densities (Table I). The per cent of DNA and PNA, 
multiplied by 0.0989 and by 0.095, respectively, gave the theoretical phos- 
phorus content required by the color reactions for theoretical DNA and 
PNA. The theoretical absorption in the ultraviolet was also calculated by 
multiplying the per cent values by the optical densities for 1 y of DNA or 
PNA, both at 260 and at 268 mu. 

The sum of the values of PNA and DNA phosphorus and that of PNA 
and DNA absorption in the ultraviolet, calculated on the basis of the color 
reactions, were compared with the percentages of phosphorus and of the 
optical densities found by direct determination. 

Materials—Several organs of C57 black mice and of albino rats were 
studied: liver, kidney, spleen, lung, thymus, and pancreas. The average 
weight of the animals was 19.5 + 0.5 gm. for mice and 150 + 5 gm. for 
rats. Several determinations were also made with sarcoma 180. The 
values reported are the mean of at least five determinations. All the tests 
were run in duplicate. 


Results 


The results obtained are reported in Tables IIT, IV, and V. All the 
values refer to the dry weight of the defatted organs. For comparison 
with the data of the literature, which are often given as per cent of the wet 
weight, the average per cent of dry weight of the organs studied is also 
reported. 


DISCUSSION 


As may be seen from Table ITI, the values by the indole reaction com- 
pare favorably with those by the diphenylamine reaction within the range 
of the experimental error for both methods. The standard deviation, 
which is the result of both the individual variations and the experimental 
error, is sometimes larger with one method, sometimes with the other. 
The range of error of the two procedures is almost the same, notwith- 
standing the much smaller amounts of tissue used for the indole reaction. 

Some organs, especially spleen, show very important individual vari- 
ations. This fact is confirmed by data in the literature (7) and has to be 
kept in mind when comparisons are made between different groups of 
animals. It may be easily correlated with the very variable histological 
picture of this organ, sometimes very rich and sometimes poor in germi- 
native centers; furthermore, it is difficult to free the organ from blood to 
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the same extent in every animal. Thymus also shows rather large indi- 
vidual variations. Smaller variations are found in some other organs, for 


TaB_e III 


Comparison of Determination of DNA and PNA Content of Mouse 
and Rat Organs 


Data expressed as per cent of the dry weight. The standard deviations are the 


results both of individual variation and error of the methods used. 
a DNA, per cent of dry weight iit siesta | Extreme values 
ce at of of dry weight, DNA 
Indole  Diphenylamine (indole) PNA 
| 
Mouse liver 24.0 | 1.66 + 0.218 1.71 4 0.282 4.55 + 0.298 1.34- | 4.05- 
| | 1.95 4.84 
‘« kidney 20.0 | 2.76 + 0.155, 2.53 + 0.293 3.01 + 0.154 2.60-  2.86- 
| 2.98) 3.25 | 
“ spleen | 20.8 | 8.32 + 1.02 | 8.46 + 0.488 5.72 + 0.210 7.30- | 5.50- 
| 9.70 5.98 
‘Jung 20.2 | 3.73 + 0.202 3.69 4 0.311 2.71 4 0.126) 3.44- | 2.55- 
| 3.90 2.86 
‘thymus | 20.8 {14.80 4+ 1.74 13.80 4 1.74 | 5.97 + 0.22212.0 — | 5.70- 
| 16.0 6.24 
pancreas | 22.8 | 2.42 0.336 2.357 + 0.26213.95 + 0.680 1.93- |13.4 - 
2.66 14.8 
Rat liver 23.9 | 1.15 0.124 1.20 + 0.136) 4.16 4 0.358) 1.02- | 3.S4- 
1.31 4.77 


kidney 620.0 | 2.05 0.232) 2.12 + 0.173) 2.61 + 0.082) 1.74- | 2.55 


‘* spleen 1.08 | 3.58 + 1.01 | 3.66 + 0.290) 2.06- | 2.81- 


3.68 | 4.08 
‘* Jung 17.2 | 3.66 + 0.241) 2.75 + 0.293) 3.45- | 2.46- 
3.85 | 3.20 
‘* thymus 17.6 |12.12 1.88 12.96 + 1.02 | 5.70 + 0.175) 9.30- | 5.60- 
| 13.80, 5.90 
‘* pancreas 23.5) 1.99 + 0.175 2.02 + 0.163)10.64 + 0.923) 1.72- | 9.45 
| 2.15 12.00 
Sarcoma 180 | 15.4 | 4.78 0.231 7.79 + 0.309) 4.55- | 7.20- 


instance kidney and lung. This holds true also for sarcoma 180 when 
healthy parts of tumors of the same age are chosen. 

When comparing the DNA content of organs from mice and rats, one 
notices a more or less higher content for the former, except for lung. Also 
PNA is higher in mouse than in rat spleen and pancreas. The data in 
the literature are very scarce for the mouse; those for the rat are much 
more abundant. The present data compare favorably with most of the 
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published data (7). Considerable differences may be found, depend- 
ing upon the strain, age, and sex of the animals used (7). Therefore ani- 
mals of the same sex and of similar weight and, for mice, of an inbred 
strain (C57 black) have been chosen. 

Special consideration must be given to comparison among the data ob- 
tained from color reactions (indole and orcinol), phosphorus determi- 
nation, and ultraviolet readings. In Table IV, one observes some differ- 
ences between the phosphorus calculated on the basis of the color reactions 
and that determined directly. These are especially marked for lung and 


TABLE IV 
DNA P and PNA P of Mouse and Rat Organs 


Comparison between the dry weight percentages calculated on the basis of the 
indole and the orcinol reactions with the values found experimentally. 


DNA P, per PNA P, per DNA P cent of 
weight — -| DNAP 
nae) Calculated | Found 

0.164 0.433 0.597 0.626 + 0.055 | 2.64 
0.286 0.559 0.537 + 0.026, 1.05 
0.824 0.543 1.367 1.385 + 0.077 0.66 
0.258 0.627 | 0.582 + 0.063 | 0.7 
1.462 0.567 2.029 1.836 + 0.274 | 0.39 
— ....| 0.239 1.325 1.564 1.740 + 0.090 5.54 

0.395 0.509 0.506 + 0.052 3.46 

kidney. . 0.203 0.258 0.461 0.434 + 0.025 1.27 
0.330 0.348 0.678 0.623 + 0.132. 1.05 
a ..| 0.362 0.261 0.623 0.551 + 0.050 0.72 
1.200 0.541 1.741 1.600 + 0.180 0.45 
pancreas 1.010 1.207 1.240 + 0.039 | 5.13 
(0.474 0.718 1.190 1.140 + 0.053 | 1.52 


thymus, both of mouse and rat, and for rat spleen. The phosphorus con- 
tent of these organs is lower than expected; on the contrary, for mouse 
pancreas it is higher. 

Considering the values calculated and those found for ultraviolet ab- 
sorption, practically the only important difference to be observed is in 
mouse pancreas, in which the absorption is higher than expected (Table 

There is greater agreement between the results of the color reactions 
and the ultraviolet readings than between these determinations and those 
of phosphorus. 

The different ratio of purines to pyrimidines possibly present in the 
PNA of various organs may explain the lack of agreement when the phos- 
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phorus and ultraviolet data compare favorably. Only PNA has to be 
taken into consideration, because DNA has been shown to be very con- 
stant in its composition, at least in the same species (8, 9); on the con- 
trary, in PNA the ratio between purines and pyrimidines may vary con- 
siderably in different organs (9, 10). 

Since the orcinol reaction reveals only the purine-bound ribose, a lower 
content of purines may demonstrate a lower PNA content than is ac- 
counted for by P determination and ultraviolet absorption. On the other 


TABLE V 
Ultraviolet Absorption Values of Perchloric Acid Extracts of Mouse and Rat Organs 


Comparison between the ultraviolet absorption values found experimentally and 
those calculated from the results of the indole and the orcinol reactions. 


Ultraviolet absorption per 100 y, dry weight 


260 my | 268 mu 
| 
wile Found | | Found 
Mouse liver... . 0.181 0.187 + 0.013 | 0.186 | 0.187 + 0.013 
kidney. 0.165 0.160 + 0.015 0.164 0.163 + 0.015 
spleen. . 0.400 0.410 + 0.023 0.400 0.420 + 0.028 
lung..... 0.188 0.183 + 0.014 0.184 0.189 + 0.015 
thymus... 0.580 0.590 + 0.059 0.590 0.620 + 0.067 
‘* pancreas. . 0.484 0.557 + 0.045 0.465 0.554 + 0.045 
Rat liver...... z 0.154 0.152 + 0.010 0.149 0.151 + 0.009 
‘““ kidney....... 0.134 0.125 + 0.013 0.132 0.131 + 0.013 
‘* gpleen...... 0.200 0.217 + 0.025 0.199 0.215 + 0.029 
. 0.182 0.173 + 0.015 0.173 0.176 + 0.014 
thymus. . | 0.502 0.486 + 0.049 0.505 0.495 + 0.051 
pancreas. . | 0.373 0.389 + 0.031 0.359 —60.384 + 0.033 
0.355 0.350 + 0.016 


Sarcoma 180. 


hand, if the purine content is higher, the PNA may appear to be higher 
than that expected from P determination and ultraviolet absorption. 

However, when the ultraviolet absorption and the results of the color 
reactions are in agreement and the P values are lower than expected, the 
possibility exists, as pointed out for PNA by Gulland (11), that 1 P residue 
may be bound to 3 instead of to 2 nucleosides. This could account for a 
lack of as much as one-fourth of the PNA P. This possibility could exist 
also for DNA, but it has not been proved. 

To explain the present results in another way, one should admit the 
presence in the extracts of some interfering substance (or substances) 
giving both the color reactions and absorption in the ultraviolet. A sub- 
stance which interferes with the reaction for DNA with indole has been 
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found in serum extracts, but it does not show any specific absorption in 
the ultraviolet. The unknown substance gives a yellow color with indole, 
which behaves in the same manner that the DNA color does towards 
chloroform extraction. However, the color produced by serum presents 
a maximum of absorption at 460 my, and the color formed by DNA pos- 
sesses € maximum at 490 my. In addition, the color formed by DNA is 
completely adsorbed by alumina and that formed by the unknown sub- 
stance is not, under the selected conditions. Absorption curves of the 
organ extracts after indole reaction did not differ from the absorption 
curve given by pure DNA. For this reason the reacting substance of 
serum does not constitute a limitation for the method of DNA determi- 
nation in animal tissues. The reacting substance of serum could possibly 
correspond to the perchloric acid-soluble mucoprotein, which also gives 
the diphenylamine and the tryptophan perchloric acid reaction (12-16). 
The indole reaction for DNA, in the present form, has some limitations, 
but it is useful when very small quantities of tissue are available. 
Comparison among different methods of nucleic acid determination, 
based on their different components, shows that both sugars and phospho- 
rus determinations yield only relative values, at least as far as PNA is 
concerned. They may be used alone for comparison of the same organ or 
tissue. Otherwise, simultaneous study of the ultraviolet absorption is also 
advisable. The latter seems, at present, to be the best approach to the 
real value. It is, however, to be noted that this method may produce 
large variations with small changes in the experimental conditions, as, for 
instance, pII or heating, and that a variation in the proportion of the 
different bases could possibly induce variation in the absorption values. 


SUMMARY 


The application of the color reaction of DNA with indole to the determi- 
nation of this substance in animal tissues has been studied under different 
conditions. 

An improved method for PNA determination with orcinol and its appli- 
cation to the tissues is also described. 

Comparison has been made between the DNA reaction with indole and 
with diphenylamine. 

The total nucleic acid values obtained by the methods proposed have 
been compared with those from nucleic acid phosphorus determinations 
and from the ultraviolet absorption. 

The limitations of the methods and their validity for direct determi- 
nation of nucleic acids have been discussed. 
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THE BIOGENESIS OF ALKALOIDS 


XILL. THE ROLE OF ORNITHINE IN THE BIOSYNTHESIS OF 
STACHYDRINE* 


By EDWARD LEETE,t LEO MARION, anv IAN D. SPENSER 
(From the Division of Pure Chemistry, National Research Council, Ottawa, Canada) 


(Received for publication, October 7, 1954) 


Stachydrine (1), the methyl betaine of proline, occurs in a number of 
plants (1). Its biogenesis has been the subject of an investigation by 
Klein and Linser (2) who found an increase in stachydrine content of the 
plants after an injection of proline into the hollow stems of Galeopsis 
ochroleuca and Stachys palustris. They suggest two schemes for the bio- 
genesis of proline, one from ornithine, the other from glutamic acid via 
pyrrolidonecarboxylic acid. 

The metabolic relationship of ornithine, proline, and glutamic acid has 
been studied in molds (3) and animals (4, 5). The most recent investiga- 
tions of Stetten with animals (4) and of Fincham with molds (3) indicate 
that there are two likely pathways linking the three compounds. Aeccord- 
ing to Stetten, the intermediate in the major pathway of proline biogenesis, 
ie. glutamic semialdehyde, arises mainly by reduction of glutamic acid, 
and only to a small extent by 6 transamination of ornithine. The route 
from ornithine by @ transamination via @-keto-6-aminovaleric acid is of 
minor importance in animals. In the higher plants, however, this last 
route is the only one which has been experimentally demonstrated (6), and 
our recent work showing that the biogenesis of the pyrrolidine ring present 
in the tropine part (II]) of the alkaloid hyoscyamine proceeds from orni- 
thine (7) strengthens this evidence. 

Stachydrine (1) may be regarded as the simplest of the pyrrolidine 
alkaloids, of which hygrine (I]) and cuscohygrine are the most important 
members. These in turn may be related in structure to the tropane 
alkaloids with which they oecur truxillense Rusby, and, 
while some species of Convoleudus contain hygrine and cuscohygrine (C, 
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hamadae), others contain tropane bases (C’. pseudocantabricus Schrenk) (8). 
It was, therefore, of interest to investigate the relationship of ornithine to 
stachydrine. At the same time it was hoped that an ambiguity which 
remained in the biogenesis of hyoscyamine (7) could be removed. This 
ambiguity arose from the impossibility of differentiating chemically be- 
tween carbons 1 and 5 in tropine (III). If ornithine were found to be a 
precursor of stachydrine and it is assumed that the ring closure of the 
amino acid to the pyrrolidine ring is similar in both the stachydrine and 
tropine biogeneses, then it would be a reasonable conclusion that the radio- 
activity should be located on the same carbon in both cases. 

The plant selected for feeding ornithine-2-C™ was alfalfa (Medicago 
sativa LL. Grimm), a plant known to contain stachydrine (9-11). The 
labeled amino acid was fed to 2 week-old alfalfa seedlings and, after 10 
days in contact with the tracer, the plants were harvested and stachydrine 
was isolated from them as described by Vickery (11, 12), except that the 
final isolation of the base was effected by means of the Reinecke salt (13) 
instead of mercuric chloride. The stachydrine thus obtained was_ not 
radioactive, and hence in alfalfa stachydrine must proceed from a different 
source than the pyrrolidine ring of tropine. 

The feeding of ornithine-2-C™ was expected to give rise to stachydrine 
with the radioactivity located at carbon 2, and it was assumed that it 
would be located there exclusively. Since stachydrine is a non-symmetri- 
cal molecule, it was possible to work out a method of degradation whereby 
carbon 2 was isolated. Anhydrous stachydrine when heated above its 
melting point gave methyl hygrate (IV) (14) which was subjected to the 
Barbier-Wieland degradation by reaction with phenylmagnesium bromide. 
The product of the reaction, probably the carbinol V, was dehydrated by 
being refluxed with a mixture of acetic acid and acetic anhydride. 
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The ethylenic derivative (VI) thus obtained was ozonized and _ the 
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ozonide decomposed with dilute sulfuric acid, giving rise to N-methyl-2- 
pyrrolidone (VIL) which was caused to react with a further mole of phenyl- 
magnesium bromide. This last reaction, previously described by Craig 
(15), produced 2-phenyl-N-methylpyrroline (VIII) which, when oxidized 
with aqueous potassium permanganate, gave rise to benzoic acid, the 
carboxylic group of which contained the carbon originally present in posi- 
tion 2 of stachydrine. 


EXPERIMENTAL! 


Paper Chromatography of Bases Present in Alfalfa—At every step in the 
isolation of stachydrine from alfalfa (11, 12), the presence of stachydrine 
was followed by chromatography. As this base occurs with choline in 
alfalfa, it was important to find a solvent system capable of separating 
these two bases. Of the many solvent systems tried, the only one suitable 
was found to be Munier’s system Be20 (16, 17); 7.e., the alcoholic layer 
obtained on shaking together n-butanol (100 parts), hydrochloric acid (20 
parts, density 1.88), and water (39 parts). It was used on unbuffered 
Whatman No. | paper. With this system the Ry» values were 0.41 for 
choline and 0.52 for stachydrine. The bases were detected by exposing 
the paper to iodine vapor, which gave brown spots that faded after 48 
hours, or, better, by means of Dragendorff’s reagent (18) which gave more 
permanent red-purple spots. In the later stages of the isolation of stach- 
ydrine, the reineckate fractions were chromatographed with use of an 
ethanol-ammonia solvent consisting of 95 parts of 95 per cent ethanol and 
5 parts of concentrated ammonium hydroxide. No separation of choline 
and stachydrine could be effected with this system, the R» values being 
0.45 and 0.40, respectively. But although stachydrine reineckate (and 
the reineckates of all bases weaker than ammonia) was decomposed by the 
solvent, stachydrine moving as the free base, choline reineckate (and the 
reineckates of all bases stronger than ammonia) remained at the origin, 
and thus a separation was achieved. If choline reineckate was treated 
with silver nitrate solution, silver reineckate remained at the origin and 
the free choline moved to its normal position. 

Administration of Ornithine-2-C™ to Plant—Alfalfa seeds (cultivated 
variety Grimm) (300 gm.) were dusted with the fungicide Semesan? and 
were then uniformly divided and spread into ten Pyrex trays (21 & 32 em.) 
on top of a layer of wetted glass wool. After 3 days in a closed cabinet, 
the germinating seeds (all of the seeds had germinated) were allowed to 
continue growing in the open greenhouse, the moisture being kept up by 


1 All melting points are corrected. 
2 Semesan, produced by the Bayer Company, Inc., New York, has for its active 
principle hydroxymercurichlorophenol. 
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the addition on alternate days of 50 ml. of water and 50 ml. of nutrient 
solution (7) to each tray. The nutrient solution was discarded every 7th 
day, the glass wool washed thoroughly, and fresh solution added. After 
I4 days, a solution of ornithine-2-C™ monohydrochloride prepared by a 
method previously described (7) (L004 mg., specific activity of 5.58 & 10? 
disintegrations per minute per millimole and a total activity of 3.32 107 
d.p.m. in 100 ml. of water) was fed to the alfalfa (10 ml. per tray) and the 
plants were allowed to grow in contact with the tracer for 10 days, by 
which time there was appreciable activity in the leaves (about 2.3 108 
d.p.m. per gm. of fresh leaves). The total weight of the fresh or dry plant 
could not be determined, as the plant was inseparable from the glass wool. 

Isolation of Stachydrine Hydrochloride—The plants and glass wool were 
washed with distilled water to remove any adsorbed ornithine and ex- 
tracted three times successively with 6 liters of boiling water for 24 hours 
each. Thethree extracts had the following activities: 2.1 K 10°,0.8 * 10°, 
and 0.4 & 10°, or a total of 3.3 & 10° d.p.m., representing 10 per cent of 
the activity present in the ornithine fed to the plant. 

The extracts were combined, concentrated to a volume of 7 liters, treated 
with lead acetate in the usual way, and further concentrated to 130 ml. 
This concentrate consisted of a dark brown viscous syrup; it was extracted 
repeatedly with 95 per cent ethanol. The combined ethanol extract con- 
taining all of the material giving a positive Dragendorff test was evap- 
orated to a syrup and dissolved in 1.0 N hydrochloric acid (75 ml.). The 
bases were precipitated from this solution as reineckate, and the salt was 
dissolved in acetone and decomposed with silver nitrate as described in the 
literature (13). The solution containing the bases thus purified was con- 
centrated and made alkaline with ammonia. It had a total activity of 
5 X 104 d.p.m. and gave strong spots of choline and stachydrine when 
subjected to chromatography. Choline was precipitated from this solu- 
tion with ammonium reineckate, and stachydrine reineckate, m.p. 156- 
157°, was precipitated by acidification of the liquor with 1.0 N hydro- 
chloric acid. Stachydrine reineckate was converted to the chloride in the 
usual way. The activity of the crude stachydrine chloride (0.295 gm.) 
was 8450 d.p.m. 

Inactive stachydrine chloride (1.393 gm.) was added to the crude ma- 
terial and the whole recrystallized from absolute ethanol, yielding pure 
stachydrine chloride (1.215 gm.), m.p. 225° (decomposition), which was 
completely inactive. The mother liquor from the inactive stachydrine 
chloride was found to contain all of the activity originally present in this 
fraction. 

To this mother liquor, inactive ornithine monohydrochloride (0.992 
gm.) was added. The amino acid salt was reisolated and recrystallized 
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from aqueous ethanol. It was completely inactive, and, therefore, the 
activity in the mother liquor was not caused by ornithine-2-C™. 

Unknown Bases in Alfalfa—In the course of preparatory work, a 30 gm. 
sample of alfalfa seeds was grown for 3 weeks and worked up as described 
by Vickery (11, 12). The material obtained after decomposition of the 
mercuric chloride precipitate was chromatographed with n-butanol-hydro- 
chloric acid (Munier’s Be20 solvent). Development with iodine located 
five spots of Ry» 0.19 (a), 0.41 (b), 0.49 (c), 0.58 (d), and 0.73 (e). Spots 
bh, c, and d were also detected with Dragendorff’s reagent, while Spot a 
gave a blue color with ninhydrin. Spot b was identified as choline and 
Spot cas stachydrine. The nature of the other spots was unknown. Spot 
d was not hygric acid (N-methylproline, Ry 0.57), since this acid did not 
give a color with Dragendorff’s reagent, nor did it separate completely 
from stachydrine when a mixture of these two substances was chromato- 
graphed, whereas Spot d was completely separate from Spot e. Nor did 
Spot d represent proline (/?» 0.55), since this amino acid gave a yellow 
color with ninhydrin and a blue color if the paper had been exposed to 
ammonia vapor before spraying with ninhydrin. Ornithine (Ry 0.12) 
gave a purple color with ninhydrin and therefore was not present at Spot a. 
It is possible that one of the spots (d or e) might be due to betonicine or 
turicine, the methyl betaines of hydroxyproline which are known to ac- 
company stachydrine in Betonica officinalis (19-21). Samples of these, 
however, were not available for comparison. 

Systematic Degradation of Stachydrine to Isolate Carbon 2—Stachydrine 
was converted to methyl hygrate by the method of King (14). Methyl 
hygrate (0.812 gm.) dissolved in ether (20 ml.) was added to a solution of 
phenylmagnesium bromide cooled to —30°, obtained by stirring together 
magnesium (0.72 gm.), bromobenzene (3.5 ml.), and dry ether (100 ml.). 
The mixture was subsequently stirred for 20 hours at room temperature. 
It was then cooled and acidified with dilute hydrochloric acid. The 
aqueous layer was separated, made alkaline with sodium hydroxide, and 
extracted with ether. The extract was dried over sodium sulfate and 
evaporated to dryness. The residue, which crystallized as long needles, 
consisted of the carbinol (V) (0.635 gm.) which was not further purified 
but was immediately dehydrated by refluxing for | hour with a mixture of 
acetic acid (15 ml.) and acetic anhydride (15 ml.). Removal of the solvent 
in vacuo left the ethylene compound (VI) as a brown viscous residue which 
was dissolved in chloroform (20 ml.). Ozone (0.01 mole) was bubbled 
through the solution, cooled to —30°; dilute sulfuric acid was subsequently 
added, and the aqueous layer was separated and extracted with chloroform 
in a continuous extractor. Evaporation of the chloroform from the ex- 
tract yielded N-methylpyrrolidone contaminated with benzophenone. The 


it 
h 
a 
y 
1e 
y 
)3 
it 
‘Ss 
6 
| 
| 
f 
) 


76 BIOGENESIS OF ALKALOIDS. XIII 


mixed product was allowed to react with excess phenylmagnesium bromide 
and N-methyl-2-phenylpyrroline isolated from the mixture by a procedure 
identical with that used by Craig (15). The compound had the same 
properties as those described in the literature (15) and gave a picrate, m.p. 
141°, and an oxalate, m.p. 138°. N-Methyl-2-phenylpyrroline (100 mg.) 
was refluxed with potassium permanganate (1.0 gm.) in water (100 ml.) 
for 2 hours, alcohol added to destroy the excess permanganate, and the 
filtered solution acidified with hydrochloric acid. Txtraction with ether 
yielded benzoic acid, m.p. 119°. 


DISCUSSION 


Negative results in biochemical work are not always of significance 
owing to the many inherent variables. Thus the synthesis of stachydrine 
might occur at a later stage of development of the plant, and the stachy- 
drine isolated might have been material stored in the seeds. Taken at its 
face value, however, the present result would appear to show that in alfalfa 
ornithine is not a precursor of either stachydrine or proline if one assumes 
the facile methylation of proline in the plant. It would indicate that, 
according to Stetten’s metabolic scheme (4), the minor pathways are 
blocked and that in alfalfa the precursors of proline and therefore of stachy- 
drine are glutamic acid and glutamic semialdehyde. This hypothesis 
will be tested in these laboratories. 


SUMMARY 


Alfalfa plants (Medicago sativa LL. Grimm) were allowed to grow in a 
nutrient solution containing ornithine-2-C™. After a suitable period of 
growth, the stachydrine was isolated from the plant and found not to be 
radioactive. 

The significance of the results is discussed in connection with the general 
problem of the formation of the pyrrolidine ring. 

A method of degradation is described whereby carbon 2 of stachydrine 
can be isolated from the rest of the molecule. 
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LIPIDE AND PROTEIN COMPOSITION OF FOUR FRACTIONS 
ACCOUNTING FOR TOTAL SERUM LIPOPROTEINS* 


By L. A. HILLYARD, C. ENTENMAN, H. FEINBERG, anp 
I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, August 4, 1954) 


The term lipoprotein refers to a group of conjugated proteins in which 
variable amounts of free and esterified cholesterol, phospholipides, and 
triglycerides are bound to protein. Practically all of the serum lipides are 
so bound. Serum lipoproteins have been separated or isolated by precipi- 
tation (1-3), electrophoresis (4-6), and centrifugation (7-10). These 
methods do not yield identical products. For example, precipitation may 
result in disruption of some of the lipoprotein bonds, and electrophoresis 
fails to separate lipide-carrying from non-lipide-carrying proteins. The 
flotation procedure of Pedersen (7), as improved by Lindgren, Gofman, 
and Elliott (8), is best suited for obtaining quantitative data. In this 
procedure, advantage is taken of differences in density of the various serum 
lipoproteins, differences that are the result of variations in the quantity 
and type of lipide bound to the protein. The actual separation of the 
lipoproteins from each other, as well as from the non-lipide-carrying pro- 
teins, is accomplished by differential centrifugation of serum in media of 
known density. 

Most of the data obtained by the flotation procedure deal only with the 
levels of a portion of the total serum lipoproteins, namely the low density 
or B-lipoprotein fraction, and provide little or no information on their com- 
position. In the present report, a method is presented in which all serum 
lipoproteins have been separated into four fractions with the following 
density ranges: Fraction A, less than 1.063; Fraction B, between 1.063 and 
1.107; Fraction C, between 1.107 and 1.220; and Fraction D, greater than 
1.220. The protein, free cholesterol, cholesterol ester, phospholipide, and 
triglyceride contents of these four fractions isolated from the sera of man, 
dog, rabbit, rat, and chicken are reported here. 


EXPERIMENTAL 
Treatment of Animals—Rabbits and Sprague-Dawley rats were fed Pur- 
ina laboratory chow. Short comb white Leghorn cockerels were fed Purina 
* Aided by grants from the United States Public Health Service and the Life 
Insurance Medical Research Fund. 
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broiler chow (starter ration). Each dog received a single meal a day, 
consisting of 25 gm. of horse meat per kilo of body weight, 10 gm. of sucrose, 
1 vitamin tablet (11), 1 salt tablet (11), and bone ash. The diets of the 
human subjects were not controlled. 

Collection of Sera—Blood was taken from rats and chickens in the fed 
state and from rabbits, dogs, and man in the postabsorptive state. Blood 
was drawn into a syringe coated with silicone, transferred to a centrifuge 
tube, and allowed to clot. The clot was loosened from the sides of the tube 
with an applicator stick to aid retraction. The blood was kept at room 
temperature for at least 30 minutes, then centrifuged at 2000 r.p.m. (1200 
X g) for 20 minutes, and the serum obtained was recentrifuged at the same 
speed for 5 minutes. The serum was separated from the cells as soon as 
possible and was either analyzed immediately or stored at 4°. 

Preparation of Serum Lipoprotein Fractions—In the development of the 
procedure described here, the ultracentrifuge flotation patterns as deter- 
mined by Lindgren eé al. (8) were used as a guide in establishing the densi- 
ties of the media in which fractionation was finally achieved.! All of the 
so called low density or 8-lipoproteins have been included in one fraction, 
referred to here as Fraction A. The lipoproteins with densities greater 
than 1.063 were separated into two fractions, B and C, each of which ap- 
peared to possess single refractive index boundaries in the analytical ultra- 
centrifuge. Some lipide always remained in the residue (Fraction D) after 
separation of Fractions A, B, and C. Fraction D contained the serum 
albumin and globulins, and attempts to isolate a lipoprotein from this 
fraction by flotation met with no success in our hands. 

A model L Spinco ultracentrifuge with a Spinco No. 30.2 rotor was used 
in the isolation procedure. During centrifugation, the rotor chamber was 
kept at a temperature of 4°. Since some of the Lusteroid rotor tubes were 
defective, they were tested before use. This was done by filling the tubes 
with distilled water and centrifuging them for 1 hour at 30,000 r.p.m. The 
depression produced in the rotor tubes during testing was not removed 
before subsequent use. 

A 5 ml. aliquot of serum was transferred to each of two Lusteroid rotor 
tubes, which will be referred to as Tubes I and II. When aliquots smaller 
than 5 ml. were used, the volume was brought to 5 ml. by the addition of 1 
per cent NaCl.2. The density of the serum in both tubes was then adjusted 


1 We are indebted to Dr. William H. Goldwater of the United States Naval Radio- 
logical Defense Laboratory, San Francisco, for determinations of the analytical ul- 
tracentrifugal patterns required for the standardization of the separation procedure 
used here. 

2 The following salt solutions used are expressed as weight per cent at 20°: 1 per 
cent NaCl, 10.05 gm. of NaCl per liter of solution with a density of 1.005; 5 per cent 
KBr, 51.83 gm. of KBr per liter of solution with a density of 1.035; 14 per cent KBr, 
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to 1.107 by adding 4 ml. of 28 per cent KBr. The rotor tubes were capped 
and the contents mixed by inversion. The level of the meniscus of the 
diluted serum was marked on the outside of the Lusteroid tubes with a 
Vaporite brush pen. The tubes were centrifuged for 20 hours at 30,000 
p.m. 

After centrifugation, there was a layer of turbid material (Fractions A 
and B) at the top of Tubes I and II. This layer usually amounted to about 
I ml. in each tube. The top layers in Tubes I and II were transferred to a 
single tube (Tube III) calibrated at 4 ml. The transfers were carried out 
with the aid of a suction device made from small gage polyethylene tubing,’ 
with a light placed above Tubes I and II to make the boundaries of the top 
layers visible. The contents of Tube III were brought to a volume of 4 
ml. with 14 per cent KBr, and the density of this mixture was adjusted to 
1.063 by the addition of 5 ml. of 5 per cent KBr. The tube was capped, 
and the contents were mixed by inversion. : 

The upper part of the inner surfaces of Tubes I and Il was wiped with 
cotton, and 1.5 gm. of solid KBr were added to each tube. Both tubes 
were immediately shaken briefly, with a circular motion, to keep the KBr 
from adhering to the bottom, and the total volume of the mixture was 
made to 9 ml. by the addition of a solution of 14 per cent KBr. The tubes 
were capped, and the contents mixed by inversion until the KBr dissolved. 
The density of this solution was 1.220 at 20°. Tubes I, II, and III were 
then centrifuged at 30,000 r.p.m. for 24 hours.‘ 

The second centrifugation effected a separation of the contents of Tube 
III into a narrow, turbid layer (Fraction A) and a clear lower one (Fraction 
B). In Tubes I and II, two layers were present, after centrifugation, both 
clear and with a pronounced boundary between them. ‘The upper one has 
been designated Fraction C, and the lower one, Fraction D. In chicken 
and man, Fraction C is yellow in color, probably the result of the presence 
of bilirubin. 

Fraction A was transferred to a 50 ml. centrifuge tube with a short, 


155 gm. of KBr per liter of solution with a density of 1.107; 28 per cent KBr, 346.7 
gm. of KBr per liter of solution with a density of 1.238. 

3 The suction device was made by inserting a 7 inch length of polyethylene tubing 
(0.008 inch in diameter) into a No. 0 rubber stopper. This was accomplished by first 
pushing a No. 17 hypodermic needle through the stopper, then inserting the tubing 
inside the needle, and, finally, carefully withdrawing the needle. In the same man- 
ner, 2 or 3 feet of a larger bore tubing were inserted into the same stopper and at- 
tached to a vacuum line. By placing the stopper in rotor Tube II and reducing the 
pressure by 7 to 8 mm. of Hg, the top layer in Tube I was transferred quantitatively 
to Tube II through the small gage tubing. 

4 Centrifugation of Fraction C at a density of 1.220 was carried out for various in- 
tervals from 12 to 40 hours, and it was found that by 24 hours this fraction was com- 
pletely concentrated at the top. 
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conical bottom, by a suction device similar to that described above. Each 
sample of Fraction C (Tubes I and II) was transferred to a separate 50 ml. 
centrifuge tube, whereas Fraction B was divided into two parts and each 
part transferred to a separate 50 ml. tube. Both Fractions D in Tubes I 
and II were combined in a single 250 ml. Erlenmeyer flask. Since the 
lower part of Fraction D is viscous, its transfer was facilitated with water 
washes. 

Extraction of Lipides—I\t is more difficult to extract lipides from isolated 
lipoproteins (Fractions A, B, and C) than from untreated serum. The 
large amounts of salt added to adjust the density during the fractionation 
of serum may account for the change in extractability of lipides. The 
addition of chloroform to the alcohol-ether mixture generally used for serum 
extraction improved the recovery of lipides from lipoprotein fractions. It 
has been suggested that the precipitation of low density lipoproteins with 
tungstic acid and the subsequent removal of salt improve the extraction 
of lipides (12). However, we have been unable to obtain quantitative 
precipitation of low density lipoproteins with tungstic acid or with other 
protein precipitants. 

A sufficient amount of a 6:2:1 mixture of alcohol, ether, and chloroform 
was added to the tubes containing Fractions A, B, and C to bring the vol- 
ume in each to 50 ml. The solvent was added forcefully, with a syringe, 
to insure good mixing. The tubes were heated for 2 hours at 60°, allowed 
to cool, and then centrifuged for 10 minutes at 2000 r.p.m. (1200 X 4). 
The solvent was carefully decanted into volumetric flasks. The extracts 
from both parts of Fraction B were combined in a single volumetric flask, 
and the same was done for Fraction C. The protein residue in each tube 
was washed first with the alcohol-ether-chloroform mixture described 
above, next with an alcohol-ether (3:1) mixture, and finally with ethy! 
ether. The centrifuge tubes containing the first washes were heated for 
at least 15 minutes at 60°. This heating was especially important with 
Fraction A when the serum was hyperlipemic. The washings of each frac- 
tion were combined with its original extract.® After the last wash, the 
tubes were inverted and drained. 

15 volumes of alcohol-ether (3:1) were added to Fraction D in the Erlen- 
meyer flask, and the mixture was heated for 2 hours at 60°. It was then 
filtered into another Erlenmeyer flask, and the protein and filter paper 
were washed thoroughly with alcohol-ether. The extract was concentrated 


® The ethanol used was distilled over KOH pellets. The ethyl ether was distilled 
over NaoSO; to remove peroxides. The reagent grade chloroform was not treated 
before use. 

®* Chloroform must be washed out of the protein, since chloroform forms colored 
complexes with the biuret reagent. 
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on a steam bath to a small volume and transferred to a 25 or 50 ml. volu- 
metric flask. 

Determination of Lipides—Phospholipide (PL) was determined by a 
combination of the methods of King (13) and Horecker et al. (14). Cho- 
lesterol was determined by a modification of the Sperry-Brand colori- 
metric procedure (15). Free cholesterol (FC) was precipitated as the 
digitonide before determination. Total cholesterol (TC) was determined 
without precipitation. Total fatty acids (TFA) were determined, after 
saponification, by a modification of Bragdon’s method (16). The lipide 
constituents determined are expressed in terms of mg. per 100 ml. of serum. 

The following empirical conversion factors were used in reporting lipide 
data: phospholipide = 25 (phospholipide phosphorus); cholesterol esters = 
1.67 (TC — FC); triglyceride fatty acids = TFA — (0.667 &K PL + 0.67 
(TC — FC)); triglycerides = 1.05 (triglyceride fatty acids). 

Determination of Protein—The protein contents of the lipide-free resi- 
dues of Fractions A, B, and C were determined by the biuret method as 
described by Gornall et al. (17). When the protein did not dissolve readily, 
the mixture containing the biuret reagent was heated for a few minutes. 
The biuret reagent was standardized by comparison with a protein solution 
that had been analyzed by the Kjeldahl procedure. 


Results 


The concentrations of lipides and protein found in the four lipoprotein 
fractions prepared from the sera of rats, rabbits, chickens, dogs, and man 
are recorded in Tables I and II. Each serum sample was analyzed in 
duplicate, and the values obtained on the same serum rarely differed by 
more than a few per cent. Fractions A, B, and C contained phospholip- 
ides, free and esterified cholesterol, and triglycerides. Cholesterol and 
triglycerides were barely detectable in Fraction D, phospholipide being 
the major lipide constituent of this fraction. The serum of all species 
contained more Fraction C protein than Fraction A or Fraction B_ pro- 
tein. Since the lipide-protein complex could not be separated from the 
non-lipide-carrying proteins in Fraction D, the protein content of this 
fraction was not measured. Except for man, the range of variation for 
the protein and lipide content of each fraction was quite small. For 
this reason, only the average values are reported for dog, rabbit, rat, 
and chicken. 

The values for ‘‘total” lipoprotein per 100 ml. of serum are not given, but 
they can be obtained by the addition of the lipoprotein values (Tables I 
and II) for Fractions A, B, and C. The concentrations of ‘‘total’’ lipo- 
protein in serum were much greater in man, chicken, and dog than in rat 
and rabbit. In all species except man, Fraction C constituted 50 per cent 


S44 TOTAL SERUM LIPOPROTEINS 


TABLE I 

Concentration of Protein and Lipides in Four Lipoprotein Fractions of Five Species 

The values are expressed as mg. per fraction per 100 ml. of serum. The value for 
man is the average of separate determinations on the sera of five subjects. The value 
for the dog is the average of separate determinations on the sera of three dogs. That 
for the chicken represents the average of separate estimations on three chicken sera. 
The value for the rabbit is the average of three determinations, two separate deter- 
minations on the serum of two animals and a single determination on a pooled serum 
sample prepared from the blood of four animals. The value for the rat is the average 
of three separate determinations on pooled samples obtained from five, seven, and 
ten rats. 


| | | Free Choles- 
“Fraction” SPecies® protein | Protein | lipide Tipide” | choles- | terol | 
Chicken | | 3 | 13 | 28 | % 

Dog 65 | 17 7 

in 35 | 128 

B Rat | 106 | 35 
Rabbit i 3 65 
Chicken 60 25 3D | 17 3 S 7 

Dog 6 17 8 

Man 90 | 30 | 60 | 26 ie 21 7 

C Rat 42 10 
Chicken | 611 | 314 | 297 | 157 15 68 57 

Dog | 758 {| 379 | 379 | 200 | 22 118 39 

D Rat | t | 40 | 39 | t 


* Blood was taken from rabbits 14 hours after they were deprived of food. The 
dogs received their Jast meal 20 hours before blood was taken, and the human subjects 
14 hours before. 

t The values for these components cannot be reported, since Fraction D contained 
the serum albumin and globulins in addition to lipoproteins. 

t The concentration of these components was too low tomeasure. The values in 
the free cholesterol column are actually for total cholesterol. 


or more of the “‘total” lipoprotein. In some humans, Fraction A was the 
largest. It is of interest to note that, as the values for Fraction A rose in 
humans, the corresponding values for Fractions B and C fell (Table II). 
The concentrations of lipoproteins in Fraction A are about the same in dog 
and rabbit sera. The serum of the dog, however, contained about 3 times 
as much Fraction C as did the rabbit. 


5 
f 
( 
f 
| 
\ 


HILLYARD, ENTENMAN, FEINBERG, AND CHAIKOFF 85 


The percentages of protein and of the various lipides contained in Frac- 
tions A, B, and C are recorded in Table III. In all species, Fraction C con- 
sisted of about equal amounts of protein and lipide, whereas the lipide 
content of Fraction A was about 5 times that of protein. In spite of dif- 
ferences in composition among these three fractions, the composition of a 


TaBLeE II 
Concentration of Protein and Lipides in Four Lipoprotein Fractions of Human Serum* 
The values are expressed as mg. per fraction per 100 ml. of serum. 


Lipo- | Total | Phospho- | Free ‘Cholesterol Tri- 


| Subject® | Protein lipide | lipide esters | glycerides 

M.D.S 319 58 261 70 29 127 35 

J.B. 430 76 354 90 35 114 115 

I. L. C. 590 99 491 116 43 198 134 

C.E. 654 91 563 132 51 144 236 

B L.A. 131 38 93 44 9 33 7 
M.D.S 99 35 64 26 6 21 11 

J.B. 84 32 52 26 5 16 5 

I. L. C. 84 28 56 17 5 26 s 

C. E. 5 | 19 | 31 15 4 9 3 

C L. 486 287 —-:199 i 2 72 22 
M.D.S. 477 278 199 99 11 70 19 

J.B. 438 252 | 186 Q8 10 51 27 

¢. 301. «183 | 118 55 5 37 21 

C. E. 203 | 187 106 51 5 24 26 

D 28 26 2t t t 

J.B. t | 42 38 4t t t 

| 28 25 3t t t 


* Serum was obtained from adult males 14 hours after the last meal. The ages of 
the subjects are L. A. H., 27; M. D.S., 26; J. B., 32; I. L. C., 50; and C. E., 39 years. 

t See foot-note to Table I. 

t See foot-note to Table I. 


given fraction was similar in all species. For example, the values for 
phospholipides observed in the five species ranged from 19 to 21 per cent 
for Fraction A, from 28 to 34 per cent for Fraction B, and from 20 to 26 per 
cent for Fraction C. 

The percentage distribution of each lipide constituent among the four 
lipoprotein fractions can be calculated from the data of Tables I and II. 
In all species, Fraction A contained a large portion of the triglycerides. In 
chicken and dog, the major portion of phospholipides (66 to 75 per cent) 
was found in Fraction C, while in rat, rabbit, and man this fraction con- 
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tained from 35 to 46 per cent of the phospholipides. In rat, rabbit, chicken, 
and dog, Fraction C contained from 35 to 63 per cent of the free cholesterol n 
( 
TABLE III c 
Per Cent Composition of Lipoprotein Fractions A, B, and C in Five Species " 
The lipide and protein constituents of each lipoprotein fraction are expressed as a y 
percentage of the value given for lipoprotein in the third column of Table I. t 
Man 17 83 | 21 | Ss | 29 | 25 
B | Rat 33 f 
Rabbit 42 58 | 31 5 | 12 | 10 U 
Dog 35 65 ARG 8 t 
Man 33 67 29 | 7 23 8 : 
Rabbit 62 38 9 6 t 
Chicken — 51 49 26 | 3 1] 9) t 
| 6&0 50 16 5 
| Man | 59 41 20 | 2 13 6 . 
TaBLe IV 
Total Cholesterol-Phospholipide Ratio Observed in Four Fractions of Five Species a 
| Fraction A | Fraction B | Fraction C | Fraction D , 
(0.76 0.64 | 0.56 | 0.03 
| | | O28 | On 
OT ree 0.92 | 046 | 0.35 | 0.05 f 
| 0.73 | 0.49 | 0.47 | 0.11 
| 2.32 | O46 | 0.60 0.08 
1.50 | 0.69 | 0.53 0.11 f 
* Average values. 
! 
and from 48 to 82 per cent of the cholesterol esters. In man, this fraction | 
contained from 9 to 33 per cent of the free cholesterol and from 13 to 43 per t 
cent of the cholesterol esters. In man, Fraction A contained from 44 to | 
85 per cent of the free cholesterol and 35 to 82 per cent of the cholesterol ‘ 
ester of the serum. 
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The cholesterol esters found in Fractions A, B, and C amounted to 162 
mg. per 100 ml. of serum in subject L. A. H. and 177 mg. in subject C. EF. 
(Table 11). Despite the similarity in the values, the distribution of the 
cholesterol esters among the three lipoprotein fractions varied considerably. 
Thus, in C. E. 144 mg. of cholesterol esters were found in Fraction A, 
whereas in subject L. A. H. this lipide constituent was more evenly dis- 
tributed among the three lipoprotein fractions. 

The ratios for total cholesterol to phospholipide, found for each of the 
four fractions of the five species, were highest for Fraction A and lowest for 
Fraction D (Table LV). 


DISCUSSION 


The analytical ultracentrifuge method of Lindgren ef al. (8) is well suited 
for the determination of the homogeneity of lipoproteins. It has also been 
used for the quantitative determination of individual lipoproteins, but, in 
calculating the amount of a given lipoprotein from its refractive index pat- 
tern, use is made of many empirical factors, some of which are difficult to 
determine. It should also be noted that measurements based on refrac- 
tive indices provide no information on the composition of a given lipopro- 
tein. Since flotation procedures rely upon the densities of lipoprotein 
fractions, it is conceivable that different lipoproteins possess the same den- 
sity, but differ in composition. Chemical determination of lipoprotein 
constituents would appear to be the method of choice for the study of 
lipide transport, since it would provide information on both the composition 
and the absolute amounts of the lipoproteins. ‘Turner ef al. (9) have al- 
ready made use of chemical methods, but their stratification technique 
failed to separate completely the various lipoproteins from each other or 
from the non-lipide-carrying proteins. 

Turner et al. (9) suggested that the high salt concentration used in the 
flotation procedure might cause a partial degradation of the lipide-protein 
complexes. In order to explore this possibility, we isolated Fraction A by 
two methods: (1) directly by flotation at a density of 1.063, and (2) by 
first separating a fraction at a density of 1.107 and then centrifuging this 
fraction at a density of 1.063. Both samples of Fraction A were found to 
have the same protein and lipide content. Thus, the use of different salt 
concentrations did not alter the composition of Fraction A. When isolated 
Fraction C was dialyzed to free it of salts and then refractionated, it was 
recovered with an unaltered lipide and protein content, and no lipide or 
protein was found in other density segments. These findings, in addition 
to our failure to detect appreciable amounts of serum lipides in a non- 
lipoprotein form, lend no support to the view that lipide-protein complexes 
are degraded by the salt solutions used here for fractionation. 

It is of interest to compare the results obtained here for human serum 
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lipoproteins with those obtained by other investigators. Values for the 
ratio, (mg. total cholesterol)/(mg. phospholipide), for Fractions A, B, and 
C and for aj-, a2-, and 6-lipoproteins are given in Table V. The values for 
our Fraction C agree closely with those for a;-lipoproteins as prepared by 
Russ et al. (3), Kunkel and Slater (5), and Nikkila (6). Furthermore, our 
Fraction A appears to correspond to #-lipoprotein as prepared by four 
separate groups of investigators. A somewhat similar range of values 
was reported by Nikkila for a2-lipoproteins. In view of the differences in 
the methods used for the preparation of these fractions, the agreement. is 


TABLE V 


Total Cholesterol-Phospholipide Ratio for Lipoprotein Fractions of Human 
Serum Reported by Various Investigators 


Investigator Method of fractionation Lipoprotein fraction 

Hillyard et al. Flotation 5 Fraction A 1.28 (1.04-1.50) 

5 B 0.76 (0.58-1.23) 

5 C 0.49 (0.37-0.60) 

Oncley et al. (2)*;| Cohn procedure and 4 | B-Lipoprotein 1.05 (0.97-1.32) 

flotation | 

Russ ef al. (3) Cohn procedure 38 a;-Lipoprotein | 0.5L (0.42-0.62) 

38 | B-Lipoprotein 1.55 (1.10-1.53) 

Kunkel and Zone electrophoresis 5 a-Lipoprotein 0.50 (O.41-0.62) 
Slater (5) 

Nikkila (6) 24 ai-Lipoprotein | 0.63 (0.44-0.87) 

24 a,-Lipoprotein | 0.77 (0.38-1.10) 

24 | B-Lipoprotein 1.24 (0.97-1.74) 


* The phospholipide and cholesterol values reported by these investigators were 
used to calculate the total cholesterol-phospholipide ratios. 


indeed worthy of note, particularly in the case of Fraction A which is not 
homogeneous. 

Oncley et al. (2) isolated 8-lipoprotein from human serum by purifying a 
lipide-rich fraction (Cohn III-0) by the flotation procedure and found that 
it contained 23 per cent protein, 29.3 per cent phospholipide, 8.3 per cent 
free cholesterol, and 39.1 per cent cholesterol esters. Our human Fraction 
A contained 17 per cent protein, 21 per cent phospholipide, 8 per cent free 
cholesterol, 29 per cent cholesterol esters, and 25 per cent triglycerides. 
Thus, there is a discrepancy between our Fraction A and the 6-lipoproteins 
isolated by Oncley, in regard to their triglyceride contents. This dis- 
crepancy can perhaps be explained in part by the observations of Jones ef 
al. (18), who stated that their low density lipeprotein classes from S; 4 to 
S; 17 contained little or no triglycerides, whereas their lipoprotein classes 
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from S; 17 and higher contained increasing quantities of triglycerides. The 
S; 4 to S; 17 classes may correspond to the 8-lipoprotein fraction isolated by 
Oncley. 

The similarity in composition of a;-lipoprotein of Oncley and Gurd (19) 
and our Fraction C of human sera suggests that they are the same. Thus 
the former contained 57 per cent protein, 21 per cent phospholipide, 3.3 
per cent free cholesterol, and 15 per cent cholesterol esters, whereas our 
Fraction C contained 59 per cent protein, 20 per cent phospholipide, 2 per 
cent free cholesterol, 13 per cent cholesterol esters, and 6 per cent triglyc- 
erides. 

Lewis ef al. (10) have made an analytical ultracentrifugal study of the 
serum lipoproteins of the same five species reported here. These workers 
found that the high density a;-lipoprotein was prominent in all five species. 
Since this fraction is the lipoprotein of the highest density that can be 
isolated by flotation, it must be identical with our Fraction C, which also 
was shown here to be present in high concentrations. 

Despite wide variations in the levels of the lipoproteins (Table 1), the 
percentage composition of Fractions A, B, and C among the several species 
(Table IIT) is remarkably similar. It should also be noted that the rat and 
rabbit are quite similar with respect to both the percentage composition 
and levels of each fraction, even though they respond differently to diets 
high in cholesterol. 

Although the four lipoprotein fractions described here cannot be readily 
identified with lipoproteins studied by others, it is believed that our Frac- 
tion A contains 8-lipoproteins (Table V) and that Fractions B and C are 
a»- and a;-lipoproteins, respectively (6, 10). Fraction D may contain the 
high density phospholipide protein reported by Turner et al. (20). 


SUMMARY 


1. Serum was separated, by the ultracentrifuge flotation technique, into 
four fractions so as to account for total serum lipoproteins. Each fraction 
was analyzed for protein, phospholipide, free and esterified cholesterol, and 
triglyceride. 

2. The values for the concentration of protein and the various lipide 
constituents in these four serum fractions are presented for man, dog, rat, 
rabbit, and chicken. 

3. The concentrations of the various lipoprotein fractions varied con- 
siderably among the five species studied. However, in four species, dog, 
rat, rabbit, and chicken, the range of variation in the concentrations of 
each lipoprotein fraction was quite small. Humans differed from these 
animals in showing considerable variation in the levels of the lipoprotein 
fractions in serum. 
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4. The composition of each lipoprotein fraction with respect to protein 
and the various lipides was similar for the sera of the five species. 
5. The identity of our four lipoprotein fractions is discussed. 
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FERRITIN BIOSYNTHESIS 
I. CRYSTALLIZATION OF GUINEA PIG FERRITIN* 


By RICHARD A. FINEBERGT ann DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, September 13, 1954) 


The ease of isolation, homogeneity, and unique physicochemical charac- 
teristics of ferritin (1) make it attractive for the study of protein biosyn- 
thesis. After a preliminary survey, the guinea pig was selected as the 
species best suited to our investigation, but the established method for the 
isolation of crystalline ferritin yielded only amorphous ferritin from the 
tissues of this mammal. Consequently the following investigation of the 
conditions leading to crystallization of guinea pig ferritin was undertaken. 
A reproducible method is presented for the isolation of crystalline prepara- 
tions, as illustrated in Fig. 1. 


RESULTS AND DISCUSSION 


The method described by Laufberger (2) for horse liver ferritin was 
applied to the isolation of ferritin from guinea pig liver. The crude solu- 
tion of ferritin, resulting from the steps in the procedure preceding the 
addition of CdSO,, was employed in tests of the effect of various factors on 
crystallization. A portion of each test mixture, prepared on a micro scale, 
was transferred immediately to a Vaseline-rimmed cover-slip for the prep- 
aration of a sealed wet mount in which crystallization could be evaluated 
microscopically. 

Cadmium Sulfate—There was only a limited range of concentration of 
CdSO, in which most of the precipitated ferritin was crystalline. It was 
repeatedly demonstrated, with many different preparations of guinea pig 
liver ferritin and under a variety of conditions, that the optimal concentra- 
tion of cadmium ion amounted to only a few millimoles per liter, many 
times lower than the effective range for horse ferritin. The exact amount 
depended upon other factors, as described below. 

Ammonium Sulfate—It became clear in due course that the amount of 
ammonium sulfate remaining in the preparation from previous steps in the 
isolation procedure had an important effect on the cadmium requirement. 
The more NH; present, the more cadmium ion was needed, and the more 
limited was the percentage permissible range in the amount of CdSO, 


* Aided by a research grant from the National Heart Institute, No. H-1440-C. 
t Postdoctoral Research Fellow of the National Institutes of Health, 1951-53. 
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added. With ammonium sulfate of 50 mmoles per liter and about 0.5 per 
cent ferritin concentration, the Cd requirement was about 10 mmoles per 
liter, and no more than 1 mmole deviation could be tolerated for satisfac- 
tory results. In the virtual absence of ammonium ion, the optimal con- 
centration was about 2 mmoles per liter of Cd, and good crystallization 
with little amorphous precipitation could be obtained between 1 and 8 
mmoles per liter. The explanation of this effect possibly lies in the forma- 
tion of the cadmium-ammonium complex ion. Moderate concentrations of 
NH, can be tolerated in the crystallization of horse ferritin, in which the 


a 


Fic. 1. Crystalline guinea pig ferritin. X& 275 


cadium ion concentration is high, but with the low levels of cadmium used 
for guinea pig ferritin the ammonium sulfate level must be carefully con- 
trolled. The addition of NaCl at considerable concentration also inter- 
fered with crystallization, possibly a non-specific result of ionie strength. 

Ferritin Concentration— It has become axiomatic since the work of Nor- 
throp, Kunitz, and Herriott (3) that crystallization of proteins is best 
achieved with concentrated protein solutions. With guinea pig ferritin, 
however, the more concentrated the protein, other factors being equal, the 
greater the tendency to form rounded spherites or amorphous precipitate. 
The optimal concentration found was roughly 0.2 to 0.5 mg. of N per ml. 

pH and Buffer Tons—Table I summarizes the result of a series of tests 
carried out with a fixed concentration of protein, ammonium sulfate, cad- 
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mium sulfate, and buffer, but with varying pH and buffer species. The 
results with the first three and last two buffers suggested a broad optimum 
of from pH 5.5 to 7. Therefore, in routine isolation of ferritin from guinea 
pig liver, buffers can be dispensed with, provided the reagents used in high 
concentration are neutralized to approximately pH 6. 

The explanation for the failure to crystallize in the presence of histidine, 
citrate, and maleate is very likely due to the formation of a cadmium ion 
complex. This interpretation was supported in the case of histidine by 


TABLE 
Effect of pH and Buffers on Crystallization of Guinea Pig Ferritin 
Final concentrations, ferritin 2 per cent, cadmium sulfate 5 mmoles per liter, 
ammonium sulfate 33 mmoles per liter, buffers 67 mmoles per liter. The pH of all 
buffers was adjusted with HCl or NaOH. 


a-Picoline..... 


pH lao | 4s | 5.5 | | | 
Acetate........ | | | $+ | | +++4 | | 
Glycylglycine.. | | | 
| | | | 0 
Histidine... | | 0 
Maleate........ | | | 0 
pH | 44 | 48 : 5.2 | 5.6 | 6.0 64 | 6.8 
| | 
| | 
| | | +444 


Crystallization was rated (by number of plus signs) on the basis of quantity and 
quality of crystals and absence of amorphous precipitate. Even the best results in 
this test were not optimal because of too high concentrations of both ammonium 
sulfate and ferritin. 

* Tris(hydroxymethyl)aminomethane. 


trying somewhat higher concentrations of CdSO,4, which readily yielded 
crystals in the presence of the previously tested concentration of histidine 
buffer at pH 6.1. 

Temperature —There was a demonstrable temperature effect on the solu- 
bility of the guinea pig ferritin crystals in a CdSO, solution. A solution 
saturated at 50° yielded crystals upon cooling to 25°. These could be re- 
dissolved by warming the suspension and recrystallized by cooling. By 
slow cooling, crystals measuring 100 K 75 X 50 u were grown. However, 
some amorphous material appeared upon redissolving the crystals at 50- 
60°, suggesting that this otherwise heat-resistant protein may be less so in 
the presence of CdSO,. 
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Zine Sulfate—Since the crystallization of guinea pig ferritin with cad- 
mium was not as satisfactory as that of horse ferritin, the effect of other 
metal ions was tried. In a limited survey of Zn, Hg, Co, Ni, Mn, Cu, Sr, 
and Ba, only the first two showed any promise. Of these, mercuric chlo- 
ride yielded only spherical masses like imperfect crystals, but zine sulfate 
yielded typical crystals comparable to those obtained with cadmium sul- 
fate and at comparable metal ion concentrations. However, there was 
no advantage with zinc over cadmium; in fact, there was a tendency toward 
more amorphous precipitation and longer delay in crystal formation. 

Crystal Shape--The hexagonal crystals reported herein for guinea pig 
ferritin are somewhat unusual, since ferritin of many species crystallizes as 
octahedra. This can be seen in the illustrations in Michaelis (4). To 
those species listed, we can add the rat, which yields crystals indistinguish- 
able in appearance from horse ferritin. The rounded bodies representing 
guinea pig ferritin included therein resemble the shapes we have frequently 
obtained with excessive amounts of cadmium. Granick (5) has found hu- 
man ferritin to form hexagonal crystals, but no details to the method were 
reported. 

According to Granick (1), the octahedral (and tripled octahedral) crys- 
tals of horse spleen ferritin were isotropic, whereas the flat, thin square 
plates obtained with lower cadmium ion concentration were anisotropic. 
Therefore, our rather flat, hexagonal crystals were examined through 
crossed polaroids; they proved to be isotropic. We have occasionally ob- 
served guinea pig liver ferritin to crystallize in the form of octahedra (mixed 
with a massive amorphous precipitate) at high Cd concentration or high Zn 
concentration, and also in the form of thin square plates (at very low Cd 
concentration). 

Guinea pig ferritin, in view of its different behavior toward Cd ion and its 
different crystal shape, must have distinct structural differences from horse 
ferritin. It is suggested that the iron storage protein of species reported to 
be lacking in ferritin might also be induced to crystallize under slightly 
different conditions. 


Procedure for Isolation of Guinea Pig Liver Ferritin 


To insure a high ferritin level in the tissue, the guinea pigs were injected 
intraperitoneally with ferric ammonium citrate amounting to about 40 mg. 
of Fe per kilo in 2 weeks. A single intravenous dose of saccharated iron 
oxide served as well (e.g. 40 mg. of Fe per kilo). About 500 gm. of liver 
were ground with an equal volume of water in a Waring blendor, diluted 
with 3 more volumes of water, and heated at 75° for 5 minutes. The heat- 
coagulated suspension was centrifuged for 30 minutes at 1000 &K g. The 
sediment was resuspended in twice its volume of water and recentrifuged. 
To the pooled extracts was added an equal volume of (NH,4).8O0,4, 4 moles 
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per liter, neutralized to pH 6 with NH,OH. The mixture was allowed to 
flocculate and settle in tall cylinders in the cold for 2 days. After the su- 
pernatant fluid was siphoned off, the precipitate was further packed by 
centrifugation, dissolved in an equal volume of water, and dialyzed over- 
night against water. The solution was adjusted to pH 5.1 + 0.1 with 1 
N acetic acid, the resulting precipitate removed, and the clear solution 
neutralized to pH 6 + 0.1. 

Tests of optimal CdSO, level were carried out on a micro scale in the 
range of 2 to 10 mmoles per liter, final concentration, with a final dilution 
of the crude ferritin solution of from one-twelfth to one-sixteenth. A com- 
bination yielding sharp crystals in maximal yield with minimal amorphous 
precipitation was used on the bulk preparation, which was then refrigerated 
for 2 days. The crystals, collected by centrifugation, were suspended in 
5 volumes of ammonium sulfate, 0.8 mole per liter, to hasten solution, 
dialyzed against water with constant agitation until apparently dissolved, 
and then dialyzed for double this interval. The solution was centrifuged, 
acidified as above, spun clear, and neutralized to pH 6. Crystallization 
was then repeated as above, after preliminary testing. After a similar 
third crystallization, the final crystals were suspended in NaCl, 0.45 mole 
per liter, dialyzed thoroughly against saline, 0.15 mole per liter, and stored 
with thymol at refrigerator temperature as an approximately 5 per cent 
solution. Such solutions were stable for many months. 

The yield of recrystallized ferritin from the iron-injected guinea pigs 
averaged about 40 mg. of protein N per kilo of liver, which was of the order 
of 30 per cent of the immunochemically determined ferritin content of the 
livers. The amount of ferritin isolable from liver of iron-treated guinea 
pigs therefore compares favorably with that obtainable from spleens of 
normal horses, the richest normal source known. 


SUMMARY 


Previous methods for the isolation of ferritin, suitable for many species, 
failed to yield crystalline preparations from the guinea pig. ‘The requi- 
site conditions for crystallization of guinea pig ferritin were determined. 
These conditions differ from the parent method chiefly in the requirement 
of much lower concentrations of cadmium ion, ammonium ion, and protein. 
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FERRITIN BIOSYNTHESIS 


II. ACCELERATION OF SYNTHESIS BY THE ADMINISTRATION 
OF IRON* 


By RICHARD A. FINEBERGf anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, September 13, 1954) 


This investigation was undertaken because of the advantage of employ- 
ing a specific protein in place of the complex mixture of trichloroacetic 
acid-precipitable proteins in the study of the mechanism of protein bio- 
synthesis. Ferritin is well suited for such a purpose because of its ease of 
isolation and unique properties. The production of ferritin is apparently 
controlled by the amount of iron in the organism. This phenomenon not 
only provides the investigator with a means of altering the process at will, 
but is in itself of great general interest, being a special case of the control 
of protein biosynthesis. The stimulation of ferritin biosynthesis by iron 
resembles induced enzyme formation and antibody production in that a 
protein is formed which has a specific affinity for the inducing substance. 

A fundamental question concerning the mode of action of iron is whether 
it accelerates the synthesis of the protein moiety of ferritin' or merely 
retards its breakdown, which would yield the same result if there is nor- 
mally a continuous turnover. Granick (1) has postulated that iron com- 
bines with preexisting apoferritin to form ferritin and that the iron moiety 
of ferritin protects the protein against breakdown. In this scheme, iron 
causes an increase in total ferritin by retarding breakdown, and no stimula- 
tion of synthesis of the protein moiety need be assumed. Certain experi- 
ments of Mazur et al. (2) on the properties of ferritin and apoferritin may 
be construed to support this view. Ferritin was much more resistant to 
peptic digestion than apoferritin, although further experiments suggested 
that the protection was actually against acid denaturation, not a very 
likely hazard in the living cell. 

The question was tested in the present investigation by in vivo experi- 
ments designed to determine, independently of any concurrent ferritin 
breakdown, the effect of administered iron on the rate of new synthesis of 
the protein moiety of ferritin. No acceleration of synthesis is predicted in 
the case of the “retarded breakdown” hypothesis. 


* Aided by a research grant from the National Heart Institute, No. H-1440-C. 

t Postdoctoral Research Fellow of the National Institutes of Health, 1951-53. 

'The term ferritin, unless specifically contrasted with the term apoferritin, is 
meant to include any apoferritin present, and is synonymous with ‘‘total ferritin.” 
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EXPERIMENTAL 


Tracer Method—The protein precursor pools of intact guinea pigs were 
labeled by a single intraperitoneal injection of C-labeled amino acid, and 
the initial rates of incorporation of C™ into liver ferritin were compared in 
normal and iron-injected animals. These rates reflect relative rates of 
synthesis only if the specific activities of the precursor pools are equal. 
This could not be taken for granted, since the administration of iron could 
conceivably affect the formation, conversion, or catabolism of amino acids 
or peptides. However, since all the proteins presumably arise from simi- 
lar precursors, any such effect of iron should show up in the incorporation 
of C™ into proteins other than ferritin. Therefore, some of these were 
also analyzed. 

4 hours were chosen for the interval between the injection of label and 
the isolation of ferritin. As indicated by the results, this was a small 
enough fraction of the turnover time of ferritin to insure estimation of the 
“initial” rates of incorporation. The incorporation data were therefore 
not seriously affected by loss of the label due to any concurrent ferritin 
breakdown. 

Immunochemical Isolation of Ferritin —In spite of the crystallizability 
of ferritin, the chemical isolation of this protein is not ideal for tracer 
experiments because of incomplete recovery, which permits determination 
of specific activities, but not of total incorporation. The content of liver 
ferritin in these experiments varied as much as 4-fold, even within pairs of 
litter mates. Therefore, specific activity would bear no constant relation 
to total incorporation and could give no indication of the synthesis rate 
unless the total quantity present were also known. 

A serological isolation offers quantitative recovery for isotope analysis 
as well as an accurate determination of the amount of ferritin, even on a 
minute scale. Mazur and Shorr (3) demonstrated the complete precipita- 
tion of antigen in the case of horse ferritin and further demonstrated that 
the iron content does not affect the quantitative antigenic behavior of the 
ferritin when calculated on a nitrogen basis. Therefore, both ferritin and 
apoferritin in tissue extracts are included in the specific precipitate. 

Antisera—Crystalline guinea pig ferritin for use as immunizing antigen 
was isolated as described in Paper I (4). Rabbits were hyperimmunized 
by a series of increasing intravenous doses of alum-precipitated ferritin 
amounting to 5 mg. of N over a period of a month. The pooled sera, con- 
taining about 0.1 mg. of antibody N per ml., were preserved with phenol 
and merthiolate and calibrated by determining the quantitative precipitin 
curve (5) with known amounts of crystalline guinea pig ferritin. 

Liver Extracts—-Weighed samples (1.5 to 2.0 gm.) of tissue were homog- 
enized in a Potter-Elvehjem glass homogenizer with 6 ml. of saline, heated 
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for 5 minutes at 75°, transferred to a 10 ml. volumetric flask, and made up 
to volume before centrifuging for 20 minutes at 2000 K g. This yielded 
clear extracts suitable for the precipitin tests. 

Precipitin Tests—In view of the variability in content of liver ferritin, 
a micro scale, semiquantitative, preliminary estimate was performed on 
each extract so that the precipitin tests could be set up with the assurance 
of being in the antibody excess zone. ‘The estimate consisted in determin- 
ing the maximal volume of extract which would still leave detectable excess 
antibody in the supernatant fluid after precipitation with a portion of 
serum containing 2 y of antibody N. ‘The definitive precipitin tests were 
done on a scale of approximately 50 y of antibody N and 20 y of ferritin 
N at a final volume of 3 ml. in narrow tipped conical centrifuge tubes. 
The mixtures were incubated 4 hour at 37° and 20 hours at 5°. The 
precipitates were centrifuged for 10 minutes at 1800 * g, which was found 
adequate for complete sedimentation. They were washed twice by re- 
suspension in 2 ml. of saline at room temperature, which gave the same 
results as treatment in the cold. Controls for any non-specific precipita- 
tion were carried out on the tissue extracts and on the antiserum. 

Ferritin C'—The C™ content of ferritin was determined by plating and 
counting the entire specific precipitate in a manner which permitted a 
micro-Kjeldah! analysis of the same sample. The planchet consisted of a 
microscope cover-slip, cut in half to fit down the neck of the Kjeldahl 
flask. During plating and counting, both halves were supported in depres- 
sions in an aluminum disk made to fit in the Tracerlab windowless flow 
counter, model SC-16. The antigen-antibody precipitate was dissolved 
in 50 wl. of 0.05 n HCI and transferred by a micro pipette to the cover-slip 
in two layers of small droplets which were dried in a stream of hot air 
between the application of each layer. Two 50 ul. washes were similarly 
applied. The self-absorption loss as a function of the mass of protein was 
determined with samples of C'-labeled plasma protein plated in the manner 
described. The mass of each specific precipitate, about 0.4 mg., was esti- 
mated from the nitrogen determination, and the C™ counting data were 
appropriately corrected. Activities of duplicate washed precipitates, on 
the average, showed a 5 per cent deviation from the mean. 

C4 of Mixed Liver Proteins—The heat-coagulated sediment left from the 
preparation of the liver extract was washed successively by centrifugation 
and resuspension: 3 times in 5 per cent trichloroacetic acid (heated for 15 
minutes at 90° on the second wash), once in alcohol, 3 times in 2:1 alcohol- 
ether at 60° for 5 minutes, and finally in ether. The dried protein was ho- 
mogenized in a volatile solvent mixture, plated evenly on aluminum disks, 
counted with a thin mica window Geiger-Miiller counter, and weighed. 
The specific activity data were corrected for coincidence and self-absorp- 
tion. 
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Nitrogen Determination—The cover-slip planchets bearing the antigen- 
antibody precipitates were broken up in the bulb of the Kjeldahl flasks 
with a glass rod, boiled 3 hours in 0.5 ml. of H2SO, containing 0.25 per cent 
SeOCl, and treated terminally with 1 drop of 30 per cent H.O.. The am- 
monia (about 50 y of N per sample) was steam-distilled for 3 minutes in the 
Kirk apparatus (6) without immersion of the condenser stem. The distil- 
late collected in boric acid solution was titrated with HC] from a microme- 
ter burette to a bromocresol green and methyl red end-point. 


Labeled Amino Acids—pu-Leucine hydrochloride-3-C™, 5.1 ue. per mg., 


was employed in the first fourteen animals in a dose of either 1 or 2.5 we. per 
100 gm. of body weight. Glycine-2-C"™, 14.6 we. per mg., was employed in 
the last twelve animals in a dose of either 5 or 10 we. per 100 gm. 

Treatment of Animals—The animals used were immature guinea pigs 
raised in our colony, which subsisted on Purina rabbit pellets and fresh 
greens. Each iron-subjected animal was accompanied by a litter mate 
control of the same sex, except that in each of Litters 11 and 12, one animal 
served as the control for two iron-injected siblings. Except for iron injec- 
tion, each control animal was treated the same as its litter mate, but be- 
tween sets of litter mates the experimental conditions were altered as to 
age, sex, dose and timing of iron injection, dose of label, and choice of 
labeled amino acid, as summarized in Table I. All animals were fasted for 
24 hours before sacrifice. The iron was given intraperitoneally in the form 
of ferric ammonium citrate in saline, most often 2 hours before the tracer, 
and usually in a dose of 1.5 mg. of Fe per kilo (Table I). The labeled amino 
acid, dissolved in distilled water, was given by the same route 4 hours be- 
fore sacrifice. The animals were exsanguinated under ether anesthesia. 
The liver was removed and analyzed for ferritin C™, ferritin N, and mixed 
liver protein C%, all in duplicate. 


Results 


Uptake of Amino Acid C™ into Ferritin and Mixed Proteins of Liver—The 
principal result of these experiments is apparent in the bar graphs of Fig. 1, 
where the C'™ uptake for ferritin and mixed proteins of liver is plotted for 
each experimental animal adjacent to its litter mate control. The total 
incorporation data for ferritin are expressed per gm. of liver in order to 
render them more comparable for the whole group of animals of varying 
size. ‘The incorporation data for mixed liver protein are expressed as spe- 
cific activity (counts per minute per mg. of protein), since the concentration 
of liver protein in all the animals was assumed to be comparable. The de- 
gree of labeling obtained in the liver proteins was directly proportional to 
the dose of the labeled amino acid employed, as expected with a tracer dose. 
Therefore, all activity data are expressed per unit dose of label, which was 
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taken as | ue. per 100 gm. of fasted body weight. The data from the ex- 
periments with the leucine and glycine are grouped together in the follow- 


| 
Descriptive Data and Treatment of Individual Guinea Pigs 


Fasting 
Sex [Dose of iron! inervalt | | sacrifice weigh 

mg. per ke. hrs. pc. per 100 em. days gm. gm. 
1c M. 0 31 267 8.9 
1 Fe 1.5 31 295 8.9 
2 Fe 1.5 21 236 
3 Fe 1.5 229 7.7 
M 0 2.5 25 255 | 8.1 
1 Fe 1.5 “ 25 49 | 8.3 
5C “ 0 2.5 15 167 
5 Fe 1.5 2 157 5.5 
6 Fe + 1.5 2 “ 2.5 13 168 6.6 
7 Fe 1.5 2 iso 
Fe 1.5 2 6.1 
9C 0 | | @ | 6.7 
10 C F 0 6.0 
10 Fe 1.5 2 6.3 
Wc M 0 “ 10.0 4 74 2.15 
11 Fe, ee 1.5 2 “ 10.0 ek 3.00 
11 Fe. a 4.5 4 89 2.66 
12 Fe, «6.0 2 10.0 | 7 84 | 2.38 


* Keach litter bears a number, and the letters C and Fe distinguish between control 
animals and Fe-treated animals. 

t Time bet ween the injections of iron and tracer. 

t L. represents leucine and G. glycine. The doses listed for glycine should all be 
multiplied by 1.12 to correct for an error in the original assay of the amino acid. 


ing presentation without any adjustment, for the incorporation per unit 
dose came out roughly equal for the two tracers. Actually, leucine proved 
to be the more efficient tracer, since only half of the dose given was in the 
active L configuration. It should be pointed out that ferritin C™ was 
counted with a windowless counter and mixed proteins were counted with a 
mica window counter with one-fourth the sensitivity. 
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The tendency for iron to increase the rate of incorporation of C™ into 
ferritin is unequivocally demonstrated, without any comparable effect on 


INCORPORATION of C* wro LIVER FERRITIN 


C/MAG. or LIVER 


© 


INCORPORATION wo MIXED LIVER PROTEINS 


C/M 
MG. PROTEIN 


hic. 1. Ineorporation of C' into ferritin and mixed proteins of liver. The empty 
bars are for control animals and filled bars for iron-injected animals. The numbers 
designate the litters. The scales of ordinates for the two graphs were arbitrarily 
adjusted so that the control values for each graph are of approximately the same 
height. 


Ww NET INCREASE IN LIVER FERRITIN 

+40F DIFFERENCE BETWEEN EACH EXPERIMENT AND ITS CONTROL 

= 

+20 ‘ 
= 


Fic. 2. Net increase in liver ferritin. Each bar represents the difference in ferri- 
tin content between an iron-treated animal and its own control animal. The num- 
bers identify the litters. 


the uptake into general liver proteins. In the case of ferritin, the observed 
increase of experimental over its own control ranges from 1.5- to 9.5-fold, 
with a mean of 4.6 + 0.7 (standard error of the mean). This computation 
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excludes Litters 1 and 8, for which ratios cannot be assigned because of the 
indeterminate value for Animal 1 C and the anomalous value in Animal 8 
Fe. In the latter case, incorporation into proteins in general was abnor- 
mally low, as is seen for mixed liver protein in Fig. 1. The same was true of 
the plasma proteins, which were also analyzed in twenty of the animals, but 
not included here because the results were the same as for liver proteins. 

Net Increase in Ferritin Content—The concentration of liver ferritin 
varied enormously from one animal to another, owing presumably to dif- 
ferences In transplacental and intestinal intake of iron. The mean value 
for the twelve controls was 41 y of ferritin N per gm. (wet weight), and the 
difference of each iron-treated animal from its own control is plotted in Fig. 
2. There was an average increase of 15.7 y of N per gm., with a standard 
error of the mean of 5.74, indicating a probability of less than 0.02 that the 
increase is not significant. The iron, which was injected on the average 
only 8 hours before sacrifice, apparently caused an approximately one- 
third increase in liver ferritin content. 


DISCUSSION 


Stimulation of Synthesis --The iron injections caused an average 4- or 5- 
fold acceleration of the Incorporation of C' of amino acids into ferritin. 
The lack of any comparable effect of iron on the incorporation of C™ into 
non-ferritin proteins testifies to the equality of labeling of the precursor 
pools in the control and experimental groups and therefore permits the con- 
clusion that the incorporation rates reflect synthesis rates. The non-ferri- 
tin protein controls further indicate the specificity of action of iron on 
ferritin synthesis, rather than on protein synthesis in general. It should be 
emphasized that the net increase in ferritin represents an increase in the 
protein moiety of ferritin plus apoferritin and not merely a conversion of 
preexisting apoferritin to ferritin. 

The unequal response of the various animals to the injected iron is not 
clearly correlated with any of the known or controlled variable factors. 
The lesser incorporation of C' by the females is not statistically significant. 
As for dosage of iron, it can be assumed that 1.5 mg. of Fe per kilo were suf- 
ficient to elicit a maximal response, since the three animals given higher 
doses did not respond significantly better than average (Table I and Fig. 
1). Furthermore, the lower dose was apparently sufficient for a prolonged 
action, since effects were observed 9 to 12 hours after the injection, judging 
by the response in the first three litters. This can be explained by the 
persistence of the injected iron, in keeping with the general failure of the 
mammalian organism to excrete iron which has once entered. 

Synthesis Rates—The rate of ferritin synthesis in the present experiments 
could be computed by comparing the incorporation rate of C' for ferritin 
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with that for mixed liver protein, if an independent estimate were avail- 
able for the rate of liver protein synthesis in fasting young guinea pigs. A 
rough approximation can be obtained from the turnover time for liver 
protein of fed adult rats, which has been determined by different labora- 
tories and different techniques to be about 1 week (7-9). This corresponds 
to a replacement rate of about 1.2 mg. of protein N per gm. of liver per 8 
hours, which was the average time interval from iron injection until sacri- 
fice in the present experiments. This value will be used below as an esti- 
mate of the synthesis rate for mixed liver proteins in our animals. 

The synthesis rates of ferritin and liver protein should be directly pro- 
portional to their rates of incorporation of C™ if, besides the assumptions 
heretofore made, we make the reasonable approximation that the amino 
acid composition of ferritin is the same as that of mixed liver proteins. In 
order to make the desired comparison of incorporation data, the specific 
activities of mixed liver protein shown in Fig. 1 were averaged for all ani- 
mals, converted to total activity on the assumption of 170 mg. of protein 
per gm. of liver, and raised by a factor of 4 to correct for the sensitivity 
difference in the counters used for liver protein and for ferritin. The re- 
sult was 10,000 ¢.p.m. per gm. of liver. The average value for ferritin in 
the iron-treated animals was 150 ¢.p.m. per gm., which, by direct propor- 
tion, corresponds to 19 y of N per gm. of liver per 8 hours, in surprising 
agreement with the value of 16 y of N per gm. obtained for net increase. 
The agreement is consistent with the view that no major proportion of the 
incorporation is due to “amino acid exchange” under these circumstances. 
The highest value for ferritin (Animal 6 Fe) was 200 ¢.p.m. per gm., suggest- 
ing that iron-stimulated ferritin synthesis can represent almost 3 per cent 
of total protein synthesis in the liver, which is considerable in view of the 
massive serum albumin synthesis. 

Turnover—There was a measurable rate of C™ incorporation in the con- 
trol animals, which is consistent with the assumption of a “normal”’ or 
“resting”? synthesis of ferritin. But in view of the marked stimulation by 
added iron, it is tempting to postulate that iron is a necessary, as well as 
sufficient, cause for the synthesis of the protein moiety of ferritin, and that 
even the observed, resting synthesis is really iron-stimulated. Iron for the 
purpose is probably ever present, arising from intestinal absorption, from 
the continuous destruction of red cells, or even from the breakdown of 
ferritin. 

The demonstration of synthesis is no guarantee of turnover; the synthe- 
sis could all represent net increase, especially in these growing animals. 
However, the data of Helwig and Greenberg (10) suggest that liver ferritin 
turns over even in adult normal guinea pigs. They determined specific 
activity of chemically isolated ferritin from six animals sacrificed at dif- 
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ferent intervals after the proteins were labeled by administration of acetate- 
2-C'%. The activity decreased with about a 2 week half life. It is impos- 
sible to tell from existing data whether the loss of labeled ferritin occurred 
at a molecular or cellular level, but, since it did occur, one can speak of 
turnover. One possibility is the conversion to hemosiderin. 

In the present experiments, the incorporation of C' into the liver ferri- 
tin of control animals averaged 36 ¢.p.m. per gm. of liver. Even if all of 
this synthesis were matched by simultaneous breakdown, the breakdown 
rate was only about 4 y of N per gm. per 8 hours, computed as above. 
Therefore, the maximal rate of net increase in ferritin due to suppression 
of breakdown alone could be no more than one-fourth of the value actually 
observed. This supports the conclusion already drawn, that iron increased 
the rate of synthesis of the protein moiety of ferritin. 

Since the average liver ferritin content in the control animals was about 
40 y of N per gm., the turnover time is computed to be at least 80 hours, 
justifying the earlier assertion that the 4 hour tracer interval was short 
relative to the turnover time. 


The technical assistance of Mr. Henry Chinn in part of this work is 
gratefully acknowledged. 


SUMMARY 


The initial rate of incorporation of C'™ from labeled amino acids into 
liver ferritin was compared in normal and iron-treated guinea pigs, by 
means of the quantitative precipitin test for the isolation and analysis of 
the labeled ferritin. The intraperitoneal administration of 1.5 mg. of Fe per 
kilo as ferric ammonium citrate produced a sustained, several fold increase 
in incorporation of labeled carbon from leucine or glycine into liver ferritin. 
The lack of any comparable effect of iron on uptake of C' into mixed liver 
proteins, besides demonstrating the specificity of action of the iron on fer- 
ritin synthesis, ruled out any interfering effect of iron on protein precursor 
pools, and therefore permitted the conclusion that the increased uptake of 
C™ indicated accelerated synthesis of ferritin. Ferritin synthesis in some 
iron-treated animals appeared to account for as much as 3 per cent of the 
total liver protein synthesis. 8 hours after the injection of iron, there was 
a demonstrable net increase in the protein moiety of liver ferritin, which 
roughly agreed in quantity with the amount estimated from the C"™ incor- 
poration data. 

It is concluded that administered iron accelerates the de novo synthesis 
of the protein moiety of total ferritin. Therefore, no hypothesis of re- 
tarded breakdown alone is adequate to explain the action of iron. 
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FERRITIN BIOSYNTHESIS 
III. APOFERRITIN, THE INITIAL PRODUCT* 


By RICHARD A. FINEBERGT anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, September 13, 1954) 


As shown in Paper II (1), the intraperitoneal administration of iron to 
the guinea pig accelerates the de novo synthesis of the protein moiety of 
ferritin.! The present experiments were designed to determine whether 
the stimulated synthesis involved the iron-free protein, apoferritin, which 
is known to occur along with ferritin in tissues (2); that is, whether apo- 
ferritin is the precursor of ferritin. The reason for questioning such a 
relationship is as follows. Since the micellar ferric hydroxide moiety of the 
average sample of crystalline ferritin may constitute 40 per cent of the dry 
weight, it might be supposed that the incorporation of the iron into the 
ferritin molecule during synthesis is requisite to the synthesis of the pro- 
tein moiety. Such an obligatory incorporation of iron as an essential con- 
stituent of the protein would provide a simple explanation of its stimulatory 
action on the synthesis of the protein moiety. 

Under such circumstances, any free apoferritin could arise only second- 
arily, by the release of iron from ferritin. The question of the order of two 
members in a straight reaction chain can be settled by the determination of 
their specific activities after the introduction of a radioactive precursor (3). 
At a sufficiently early interval, the product formed first should have the 
higher specific activity. But the two products in question, ferritin and 
apoferritin, are not simply two homogeneous proteins; total ferritin, ap- 
parently, consists of a mixture of molecules with the same apoprotein but 
different iron content. Since the sedimentation constant increases mark- 
edly with iron content (2), the ferritin “spectrum” in the present experi- 
ments was partially resolved ultracentrifugally into fractions of different 
iron content. 


EXPERIMENTAL 


Guinea pigs 6 to 8 weeks old, raised on Pilsbury’s “20 per cent rabbit 
pellets” and fresh chard, were fasted for 24 hours before the experiments. 


* Aided by a research grant from the National Heart Institute, No. H-1440-C. 

t Postdoctoral Research Fellow of the National Institutes of Health, 1951-53. 

1The term ferritin, unless specifically contrasted with the term apoferritin, is 
meant to include any apoferritin present, and is synonymous with ‘‘total ferritin.”’ 
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To stimulate ferritin synthesis, the animals were injected intraperitoneally 
with ferric ammonium citrate in neutral buffered saline, amounting to 0.5 
mg. of Fe per kilo. A tracer dose of glycine-2-C" in saline was adminis- 
tered 1 hour later by the same route. The animals were sacrificed after 
different intervals (Table I). 

The liver was homogenized in 2.5 volumes of saline, heated 5 minutes 
at 75°, and centrifuged for } hour at 2000 X g to yield a clear extract. The 
extract was then centrifuged at 100,000 X g and divided by a syringe- 
controlled pipette into upper (top 85 per cent) and lower portions. These 
were diluted with saline as required and recentrifuged according to the 
scheme in Fig. 1, dividing the original extract into four fractions. 

The total ferritin was serologically isolated from each fraction by dupli- 
cate quantitative precipitin tests on a scale of about 30 y of ferritin N per 


TABLE I 
Descriptive Data and Treatment of Guinea Pigs 


Experiment No... .. eae’ 1 2 3 4 5 
ELE 43 49 58 40 51 
Fasted body weight, gm.........| 430 293 405 373 458 
Glycine-2-C™, yc. per 100 gm...... 8.8 10 10 10 10 
Tracer interval,* Ars.............. 3.0 1.5 1.5 1.0 0.5 


* Time from administration of label until sacrifice of animal. 


tube. Ferritin C™ and N were determined as described previously (1), 
and Fe was also determined on the same sample by analyzing an aliquot 
of the Kjeldahl digest. Selenium was omitted from the digestion mixture 
(and the digestion was prolonged) to avoid interference with the colorimet- 
ric method which was adapted from the plasma iron determination of 
Kitzes et al. (4). The total ferritin from a portion of the original extract 
was similarly isolated and analyzed. 


Results 


Distribution of Ferritin among Ultracentrifugal Fractions—The centrifuga- 
tion times (Table II) were varied somewhat with each experiment on the 
basis of the results of the preceding one, with the aim of reaching a combina- 
tion that would give a rather even distribution in all fractions except 
Fraction IV, in which there were the opportunity and special advantage of 
attaining higher purity at the expense of yield. For the various fractions, 
the per cent of the total ferritin nitrogen recovered in all the fractions is an 
index of the distribution of the protein among the fractions. Over-all 
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recovery was about 85 per cent, based on the analysis of ferritin nitrogen 
in the original extracts. The Fe:N ratio in the ferritin of each fraction is 
an index of the degree of segregation of ferritin molecules of different iron 
content among the fractions. The fractionation in each experiment can 
thus be appraised from Table ITI. 


ORIGINAL 
EXTRACT 


LOWER UPPER 
PORTION PORTION 


LOWER | UPPER | LOWER UPPER 


LOWER UPPER 
Fic. 1. Fractionation scheme. Each circle represents a centrifugation, identi- 
fied by letter. In each dichotomy, the fraction on the left is the lower portion, and 


therefore the richer in “‘iron-heavy”’ ferritin. Final fractions are designated by 
roman numerals. 


It is clear from the iron to nitrogen ratios that an appreciable segregation 
was achieved. The “heaviest” fraction had generally about 4 times the 
iron content of the “lightest” fraction. In Experiments 4 and 5, about 
one-eighth of the total recovered ferritin appeared in the apoferritin-rich 
fraction on a nitrogen basis. In Experiments 2 and 3, about one-fourth 
appeared in this fraction, which is therefore presumably not as ‘‘pure”’ in 
apoferritin as in the other experiments, but, on the other hand, the purity 
of the heaviest fraction was favored. 

Specific Activity of Ferritin Fractions—The concentration of isotope in 
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the ferritin serologically isolated from each ultracentrifugal fraction is 
plotted in the bar graph, Fig. 2. The highest activity occurred in the 


TaBLeE II 
Ultracentrifugal Fractionation 


The duration of centrifugation at 100,000 X g is given, in minutes, for each cen- 
trifugation, designated by letter as in Fig. 1. 


vas 2 3 4 5 

Centrifugation A............. 20 20 30 30 
40 60 100 100 
15 30 50 50 


= See foot-note to Table IIT. 


TaBLeE III 
Distribution of Ferritin in Ultracentrifugal Fractions of Guinea Pig Liver Extract 


1 1 51 1.4 
2 12 0.4 
2 I 10 1.6 
Il 24 1.7 
Ill 39 1.3 
IV 27 0.6 
3 I 15 2.2 
Il 22 2.3 
III 39 0.8 
IV 23 0.6 
4 I 21 1.8 
II 32 1.3 
Ill 34 0.4 
IV 13 0.2 
5 I | 25 1.7 
| Ill | 30 | 0.7 
| IV 11 0.6 


case only two fractions were obtained. Fraction 1 consisted simply of the lower 5 
per cent of the extract after a 40 minute centrifugation. Fraction 2 was the upper 
50 per cent from a1 hour centrifugation of a different aliquot of the extract. 


apoferritin-rich fraction in each experiment, and the contrast in activities 
decreased with time. The time factor is critical, because theory predicts 
an eventual reversal in the relative specific activities of successive compo- 
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nents in a reaction chain after a single dose of labeled precursor. In the 
half hour experiment, the activity of Fraction IV was almost 7 times as 
Z 
; SP os urs. 1.0 HRS. 1.5 HRS. 1.5 HRS. 3 HRS. 
> af 
= ab 
O 
q 
0 


CTION: | WW IV 1 Ww W wm W i 2 
ER. NO.: 5 4 3 2 i 

Fic. 2. Specific activity of ferritin serologically isolated from ultracentrifugal 
fractions of guinea pig liver extract. The indicated times are intervals between the 
administration of radioglycine and sacrifice of the animal. Roman numerals denote 
the fractions as designated in Fig. 1. In the case of Experiment 1, see the foot-note 
to Table IIL. The activities of the fractions within each experiment only are directly 
comparable. The activity of a given fraction as plotted here cannot be meaningfully 
compared to that in another experiment because of differences, among other factors, 
in the quantity of ferritin in the different animals. In Experiment 5, Fraction IV 
became contaminated to some extent with iron-heavy molecules, owing to a partial 
tube collapse during fractionation. This was reflected in its Fe: N ratio (Table III). 
Since it was a case of contamination of iron-poor protein with iron-rich, the pro- 
portionate dilution of the original protein by the contaminating protein must have 
been much lower than the proportionate rise in iron content. Therefore, the effect 
of the contamination upon the specific activity of the protein was presumed to be 
minor. 


high as that in Fraction I. The ratio of specific activities in the fractions 
became lower in the longer experiments, until it was hardly above unity in 
the 3 hour experiment. Consequently, it may be concluded that the ob- 
servations were made before the expected reversal in specific activities, 


cen- 
racl 
itin j 
t) 

O 

WJ 

RA 

X 


112 APOFERRITIN BIOSYNTHESIS 


that the most active fraction therefore contained the product first formed, th: 
and thus that apoferritin preceded ferritin in the sequence. as 

Time-Course of Incorporation of C™ into Ferritin—The appearance of la- inf 
bel in total liver ferritin as a function of time can be gaged from Table IV, sit 
in which the incorporation of C™ into total liver ferritin is given in the | 
units previously employed (1). A value from the previous experiments is ap 
included for comparison and represents a 4 hour tracer interval. The max- rel 
imal total incorporation is apparently attained within the first 1 or 2 hours, ap: 


indicating that by that time the specific activity of the precursor pool had wh 
fallen to negligible proportions and no new label was being fed into the no 


apoferritin-ferritin system. The increasing specific activity of the ‘“‘iron- if 
tin 
TaBLeE IV cel 
Time-Course of Incorporation of C'* from Glycine into Liver Ferritin cat 
in Iron-Treated Guinea Pigs ans 
Tracer interval* | Total incorporation sys 
rs. C.p.m. per gem. liver per unil dose 
rat 
0.5 | 39 
1.0 | 71 rea 
1.5 | 118t no! 
3.0 112 de! 
4.0 | 125§ Th 
* Time between injection of label and sacrifice of animal. ; 
t Unit dose of 11.2 we. of glycine-2-C" per 100 gm. 
t Average for Experiments 2 and 3. wo 


§ Average for the six iron-injected, radioglycine-treated animals among those 
previously reported (1). 


heavy” ferritin at the expense of the lighter (Fig. 2) reflects the continuing tin 


conversion of the early labeled apoferritin to ferritin. sis. 
DISCUSSION ult 
qui 


Even in iron-stimulated ferritin synthesis, the results demonstrate that 
the iron, at least in large quantities, is not attached to the product until th 

1e 

the apoferritin is completed. The data are consistent with the hypothesis 

that essentially iron-free apoferritin is indeed the initial product. Under 

such circumstances, if one is to conceive of iron as directly affecting the 7 


synthesis mechanism for this protein, it must not be in the simple stoichio- 2. ; 
metric manner postulated in the introduction; the ferric hydroxide micelles 3. 7 
cannot be considered an essential constituent. If iron acts directly, it 

must do so in some catalytic réle. One such conceivable mechanism, which . 
would provide an explanation of the specificity of action of iron, would be 6. 
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that the specific ferric hydroxide polymer characteristic of ferritin (5) acts 
as part of a template in the apoferritin synthesis apparatus, where it could 
influence the configuration of the peptide chains forming the iron-binding 
sites of the molecule. 

It would appear, however, that before assuming a direct action of iron on 
apoferritin synthesis, one simple hypothesis for an indirect mode of action 
remains to be disproved. This would depend solely on the conversion of 
apoferritin to ferritin by iron, as first postulated by Granick (6). But, 
whereas the accumulation of ferritin protein moiety in such a scheme can- 
not be explained by protection against breakdown (1), it could be explained 
if apoferritin were an inhibitor of its own synthesis. Removal of apoferri- 
tin as ferritin would relieve this inhibition. The inhibition can be con- 
ceived of as analogous to the commonly observed inhibition of enzyme- 
catalyzed reactions by the products of the reaction. It is necessary to 
assume here that the apoferritin interferes with the protein-synthesizing 
system; for example, by competitive inhibition at the site of synthesis. In 
the simple concept of mass action, uncomplicated by the presence of a 
rate-limiting amount of catalyst, removal of apoferritin could “drive the 
reaction to the right”? only by slowing the reverse reaction. This would 
not account for the observed acceleration of the forward reaction, as evi- 
denced by the increased rate of incorporation of label from precursors (1). 
This proposal is currently being tested experimentally. 


The technical assistance of Mr. James Peters in portions of the above 
work is gratefully acknowledged. 


SUMMARY 


Tracer experiments in guinea pigs were designed to indicate which, ferri- 
tin or apoferritin, was the prior product in iron-stimulated ferritin synthe- 
sis. After a tracer dose of glycine-2-C™, liver ferritin was fractionated 
ultracentrifugally and the fractions analyzed for C™, N, and Fe by the 
quantitative precipitin test. In the shorter term experiments, the apo- 
ferritin-rich fraction was by far the most active, which is consistent with 
the hypothesis that iron stimulates production of the iron-free protein. 
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THE DIGESTION IN VITRO OF TRIGLYCERIDES BY 
PANCREATIC LIPASE 


By F. H. MATTSON anv L. W. BECK 


(From the Research Division, The Procter and Gamble Company, Cincinnati, Ohio) 


(Received for publication, September 22, 1954) 


The formation of partial glycerides by the hydrolysis in vitro of triglye- 
erides with pancreatic lipase was first reported by Artom and Reale (1) 
and then again several years later by Frazer and Sammons (2). In these 
studies apparently no attention was paid to the isomeric form of the diges- 
tion products. Desnuelle et al. (3) further studied the hydrolysis of tri- 
glycerides and showed it to bea series of stepwise reactions from triglyceride 
to diglyceride to monoglyceride to glycerol, fatty acid being released at 
each step. The quantitative aspects of this work were weakened by their 
supposition that the hydrolysis was a random one. The pertinent liter- 
ature in this field has been the subject of an excellent review by Desnuelle 
(4). 

The hydrolysis in vivo of triglycerides was reported by this laboratory (5) 
to be a directed one from triglyceride to 1 ,2-diglyceride to 2-monoglyceride. 
Partial conversion of 2-monoglyceride to the 1 isomer also appeared to 
occur in the intestine. It was likewise reported that at the conclusion of 
hydrolysis in vitro only the 1 isomer of monoglyceride was present. Sub- 
sequently, Borgstrém (6), using methods never previously applied to these 
types of materials, reported that there is selective formation of 1 ,2-diglyc- 
erides and 2-monoglycerides when triglycerides are hydrolyzed in vitro 
with pancreatic lipase. 

In the studies reported here the course of hydrolysis in vitro was found to 
be the same as hydrolysis in vivo. From some of the characteristics of the 
reactions, it appears that lipase may be specific for the hydrolytic and 
esterification reactions occurring at the primary hydroxyl group positions 
of glycerol. 


Methods 


The digestion conditions used in these studies were essentially those de- 
scribed by Desnuelle ef al. (3), except that the buffer concentration was in- 
creased to 1.0 Mm. Unless otherwise indicated, the digestion mixture con- 
sisted of 13.6 ml. of 1.0 M ammonium chloride-ammonium hydroxide buffer 
adjusted to pH 8.0, 0.3 ml. of a 0.15 per cent aqueous solution of bile salts 
(Difco), 1.0 ml. of a 45 per cent aqueous calcium chloride solution, 2.3 ml. 
of an aqueous suspension of 156 mg. of steapsin (Difco), and 2.0 gm. of 
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triglyceride. In all of the studies but one, “winterized” cottonseed oil! was m 
the substrate used. During the digestion period (15 minutes) at 40° + wi 


0.5°, the mixture was continuously agitated and a pH of 8.0 was main- 
tained by the addition of 4 Mm ammonium hydroxide. 

In the studies on the effect of electrolyte concentration, the buffer was 
omitted, but otherwise the standard digestion procedure given above was 
used. Although the digests initially contained known concentrations of 
electrolyte, the addition of ammonium hydroxide to maintain the pH neces- 
sarily resulted in a dilution of the electrolyte. The more rapid the rate of 
hydrolysis, the greater the quantity of ammonium hydroxide that was 
needed, and hence the greater was the dilution of the electrolyte. To allow 
for this dilution, the amount of added ammonium hydroxide was measured 
and the final molar concentration of the electrolyte was calculated. From ‘ 
the initial and final molarity, the “average” molarity was calculated and Le 
this latter figure was used as a basis for comparison. ior 

At the end of the digestion period the pH was adjusted to 2 with n HCl, 
25 ml. of ethyl alcohol were added, and the lipides were extracted with 
ethyl ether. The ethyl ether solution was washed with water and the 
lipides were treated in the same manner as in the studies in vivo (5). The 
extracted aqueous layer, to which were added the water washings of the 
ethyl ether solutions, was retained for glycerol analysis. 

The free fatty acid content of the lipides was determined by titration. 
1- and 2-monoglycerides were determined by the isomerization and analyti- 
cal procedures described by Martin (7). Free glycerol was determined by , 
the method of Lambert and Neish (8). Microadaptations of the neutrali- Fr 


th 


zation equivalent technique, the Wijs iodine value procedure, and the hy- M 
droxyl value method of the American Oil Chemists’ Society were used (9). “s 
In certain of the studies fractionation of the lipides was carried out. The ra 
free fatty acids were isolated first with Amberlite IRA-400, according to the 
procedure described by Cason et al. (10). The method of “completion of 
squares”’ (11), by solvent extraction (multistage separatory funnel separa- an 
tion), was employed for the isolation of monoglycerides and diglycerides. gi 


For this purpose, the lipides of the digest, from which the free fatty acids 60 
had been removed by Amberlite treatment, were passed through a 4 X 4 2 


“completion of squares” process with 80 per cent ethanol-Skellysolve F as Wi 
the solvent pair. Under these conditions the monoglycerides will be found of 
in alcohol Fractions 3 and 4. The lipides in the Skellysolve Fraction 1, as 
which are essentially all of the diglycerides and triglycerides, were then 

distributed in a 10 X 10 “‘completion of squares” process with 95 per cent im 


' Cottonseed oil from which the higher melting glycerides have been removed by 


cooling and filtration of the liquid from the solid portions. or: 
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methanol and isooctane as the solvent pair. In this system the diglycerides 
will be found chiefly in alcohol Fractions 4, 5, 6, and 7.? 


Results 
Type of Mono- and Diglyceride Isomers Formed 


In the portion of the studies carried out in vitro that was referred to in 
the earlier report (5), digestion periods of 60 minutes or more were used. 
Subsequently, digests carried out for shorter periods of time have been 


TaABLe I 


Proportion of Isomers of Monoglyceride Found after Various Periods of 
Hydrolysis of Triglycerides 


—— 


Per cent as 


Length of digestion —1-Monoglyceride | 2-Monoglyceride | Total monoglyceride | 2-monoglyceride 
soln. weight per cont weight per cent weight per 
15 | 8.1 | 8.7 | 16.8 52 
30 | 15.7 | 10.1 | 25.8 39 
60 | 28.1 | 3.4 | 31.5 11 
TaBLeE II 


Digestion Products of 2-Oleoyl Dipalmitin 


Weight per cent 


* Consisting of 25 per cent 1-monoglyceride and 75 per cent 2-monoglyceride. 


analyzed for 1- and 2-monoglycerides. The results of one such series are 
given in Table I. Of the monoglycerides found at the end of 15, 30, and 
60 minute digestion periods, 52, 39, and 11 per cent, respectively, were the 
2 isomer. The decrease in the relative proportions of 2-monoglycerides 
with time is probably due to isomerization rather than to initial formation 
of 1-monoglycerides, as indicated below in studies with 2-oleoyl dipalmitin 
as a substrate. 

In order to check further on the formation of 2-monoglycerides, and to 
investigate the type of diglycerides formed, digestion of 30 minutes dura- 


2 The authors wish to acknowledge the assistance of C. B. Stewart, of these lab- 
oratories, who developed these particular solvent separation methods. 
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tion was carried out with 2-oleoy] dipalmitin as the substrate. The com- 
position of the lipides at the end of the digestion is given in Table IT. 
From this lipide mixture the free fatty acids, monoglycerides, and di- 
glycerides were isolated. Since the initial substrate had a known glyceride 
composition, it was possible to calculate what fatty acids, monoglycerides, 
and diglycerides could be formed by the various theoretical routes of split- 
ting. ‘The values for the possible products and those found for the fractions 
isolated are given in Table III. From these data it can be seen that es- 


III 


Characteristics of Observed and Theoretical Digestion Products of 2-Oleoyl Dipalmitin 


| | | 


Purity lodine value | Mol. wt. 


Free fatty acid fraction 


per cent 


100 | 8.7 | 263 


0 


Observed........ 89 | 44 


* Theoretical values. 


sentially all of the free fatty acids were palmitic acid, the monoglycerides 
were monoolein, and the diglycerides were oleoyl palmitin. Thus, the 
course of hydrolysis is apparently 2-oleoyl diplamitin —> 2-oleoyl-1- 
monopalmitin — 2-monoolein, palmitic acid being released at each step. 
Since the monoglyceride fraction consisted essentially of monoolein, it 
would appear that the 1-monoglyceride present in the sample arose from 
the isomerization of 2-monoolein to l-monoolein. 


Factors Influencing Course of Digestion 


The effect of varying the constituents of the digest was investigated 
next. Tor ease of analysis in these studies the amounts of monoglyceride 
and of free fatty acid formed were used as criteria of the rate of hydrolysis. 
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Electrolyte Concentration—In the first series of studies the effect of the 
electrolyte concentration on the rate of digestion was considered. The 
amounts of monoglyceride found after 15 minutes of hydrolysis, when the 
digest contained various concentrations of ammonium chloride, ammonium 
sulfate, sodium chloride, or glucose, are shown in Fig. 1. In the absence of 
electrolyte the digestion proceeded quite slowly. As the concentration of 
electrolyte was increased, the rate of digestion passed through a maximum, 
then fell off with further increasing concentration. On the other hand, 
the addition of a non-electrolyte, glucose, had no effect on the rate of hy- 
drolysis. Although not shown, the formation of free fatty acid followed a 
similar pattern. 


WEIGHT- % MG 


10 15 20 25 30 35 40 
‘AVERAGE MOLARITY 
Fic. 1. Effect of electrolyte and non-electrolyte concentrations on the enzymatic 


formation of monoglycerides (MG) from triglycerides. *&, NH«Cl; O, NaCl; A, 
(NH,)2SO,; 0, glucose. 


Bile Salt Concentration— The effect cf varying the concentration of bile 
salts on the rate of digestion, as measured by the amount of monoglyceride 
and free fatty acid formed, is shown in Fig. :2._ When 10 mg. of bile salts 
(0.05 per cent concentration) were added, the maximal rate of activity was 
obtained. At higher or lower concentrations the rate of hydrolysis was 
slower. 

Enzyme Concentration—The effect of varying the amount of enzyme in 
the digest on the rate of monoglyceride and free fatty acid formation is 
shown in Fig. 3. As the amount of added enzyme increased, so did the 
amount of digestion products formed. However, the response was not 
linear but in the form of S-shaped curves. 


Kinetics of Reaction 


In the final series of studies, digestion periods of 5, 10, 15, 20, and 30 
minutes were employed. The concentrations in moles per cent of the var- 
ious glyceride types at the end of these periods are shown in Fig. 4. At 
the end of 30 minutes of hydrolysis no free glycerol was present. 
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The glyceride curves are the type that would be expected for a series of 
consecutive reactions. A plot of the length of time of hydrolysis against 


io 20. 30 40 50 60 
MILLIGRAMS OF BILE SALTS 


Fic. 2. effect of bile salt concentration on the enzymatic formation of mono- 
glveerides (WG) and free fatty acids (FFA) from triglycerides. 


60 


50 


2) 


WEIGHT- % 
Oo 


oe 78 156 780 
MILLIGRAMS OF ENZYME 
Fic. 3. Effect of enzyme concentration on the enzymatic formation of mono- 
glycerides (MG) and free fatty acids (FFA) from triglycerides. 


the log of moles of unhydrolyzed triglyceride gives a straight line, indicating 
the hydrolysis of triglyceride to diglyceride to be a pseudomonomolecular 
reaction. The rate constant was calculated to be 0.07 min.-'. 

Since the amount of monoglyceride formed is equal to the amount of 
diglyceride hydrolyzed, and as there was no appreciable monoglyceride 
hydrolysis, the monoglyceride values can be used in determining the rate 
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of diglyceride hydrolysis. During the initial period of digestion, 0 to 5 
minutes, the rate of formation of monoglyceride, and hence of diglyceride 
hydrolysis, was 1.2 moles per cent per minute. This rate increased to 2 
moles per cent per minute during the second 5 minutes of hydrolysis and 
remained relatively constant at this rate for the remainder of the time in- 
tervals studied. This constancy was obtained in spite of wide variations 
in the concentration of diglyceride during the course of the hydrolysis. 
Thus, the conversion of diglyceride to monoglyceride is indicated to be a 
zero order reaction having a velocity constant of approximately 2 moles 
per cent per minute. 


100: 
80} 
MG 
WwW 
40} 
DG 
20+ 
= 


0 
MINUTES 


Fic. 4. The course of the enzymatic hydrolysis of triglycerides. MG = mono- 
glyceride, DG = diglyceride, and 7G = triglyceride. 


Attempts thus far made to determine the velocity constant for the reac- 
tion monoglyceride to glycerol have been unsuccessful. At the end of a 90 
minute hydrolysis period, with triglyceride as the original substrate, the 
concentration of monoglyceride is still increasing and only 10 per cent of the 
glycerol present has been hydrolyzed to free glycerol. Apparently under 
these conditions the last step in the hydrolysis proceeds at a very slow rate. 


DISCUSSION 


The reason for the failure to recognize the formation of 2-monoglycerides 
in our earlier experiments was the use of hydrolysis periods of 60 minutes 
and longer. When shorter digestion periods were employed, as in these 
studies, considerable quantities of the 2 isomer were found. Although the 
monoglyceride initially formed is the 2 isomer, with longer exposure to these 
digestion conditions there is a proportionate increase in isomerization of 
2-monoglyceride to 1-monoglyceride. The value of 11 per cent for the 
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amount of the 2 isomer present after 60 minutes of hydrolysis is approxi- 
mately that for an equilibrium mixture of 1- and 2-monoglycerides (7). 

The results of the studies both in vitro and in vivo still do not make it 
clear whether the conversion of 2-monoglyceride to the 1 isomer is solely 
enzymatic or merely the result of physical and chemical conditions present 
during digestion. In the process of isolating the lipides isomerization could 
also occur, even though all efforts were made to minimize this possibility. 
Thus, the ratio of 1-monoglyceride to 2-monoglyceride at the completion 
of the hydrolysis period remains uncertain. 

The results obtained when 2-oleoy! dipalmitin was used as a substrate 
further demonstrate that the hydrolysis of triglyceride is a directed one 
from triglyceride to 1 ,2-diglyceride to 2-monoglyceride. The figures ob- 
tained were not in absolute agreement with theoretical values, but these 
minor differences can be attributed to failure to isolate entirely pure frac- 
tions and to the possibility that esterification is taking place at the same 
time as hydrolysis. Borgstrém (12) has shown that esterification does 
occur both in vitro and in vivo. However, the presence of calcium ions in 
the experiments reported here should keep any synthesis involving free 
fatty acids to a minimum, since these acids were held in an insoluble state 
as the calcium soaps. 

A similar course of digestion for glycerides of short chain fatty acids has 
been reported by Schonheyder and Volqvartz (13). Using simple mono- 
glycerides, diglycerides, or triglycerides of propionic acid as substrates, 
they concluded that the hydrolysis of tripropionin was selectively to 1 ,2- 
dipropionin and then to 2-monopropionin which in turn was hydrolyzed 
very slowly. This route of hydrolysis was observed with both pancreatic 
lipase and liver esterase. 

In the experiments reported here, in which the glycerol was esterified 
with long chain fatty acids, a selective formation of 1 ,2-diglycerides and 
2-monoglycerides was also found. Similar results with respect to 2-mono- 
glyceride formation have been obtained in vivo with triglycerides consist- 
ing of short (14) and long (5) chain fatty acids. These results indicate 
that pancreatic lipase is specific for the esterified primary hydroxy] groups 
of glycerol. 

If the enzyme is specific for the primary hydroxyl groups, any 1-mono- 
glyceride that is present should also be hydrolyzed. Thus, there is some 
indication that little isomerization of 2-monoglycerides takes place under 
the digestion conditions. On the other hand, the considerably different 
physical properties of the monoglycerides, e.g. solubility, interfacial orien- 
tation, etc., as compared to those of diglycerides and triglycerides, could 
account for the extremely slow rate of hydrolysis of the monoglyceride. 

Consideration of the reactions triglyceride to diglyceride and diglyceride 
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to monoglyceride would lead one to expect that both would be pseudomono- 
molecular reactions. The experimental values showed this to be true for 
the hydrolysis of triglycerides. However, the conversion of diglyceride to 
monoglyceride was found to be a zero order reaction during all but the ini- 
tial period of hydrolysis. During a portion of the first 5 minutes of hy- 
drolysis the reaction may have been first order. As the reaction proceeded, 
some other factor became rate-limiting and hence the change in order of 
reaction. 

The change in reaction order of the diglyceride to monoglyceride reaction 
also would be expected to occur for the reaction triglyceride to diglyceride, 
if both were catalyzed by the same enzyme. However, the rate of tri- 
glyceride hydrolysis did not change over the course of the digestion. Thus, 
the possibility is indicated that two separate enzymes may be involved in 
the hydrolysis of triglycerides and diglycerides. 

The unequivocal establishment of the kinetics of the hydrolysis of various 
isomers of diglycerides and monoglycerides and the effect of the surface 
activity of monoglycerides on hydrolysis can be determined only by using 
pure 1,2- and 1,3-diglycerides and 1- and 2-monoglycerides as substrates. 
Such studies are currently being carried out in our laboratory. 

In most of these studies, the initial buffer concentration of 1 M was based 
on the results of preliminary experiments, indicating that such a high con- 
centration of buffer gave a fast rate of reaction. The experiments summa- 
rized in Fig. 1 demonstrate that this effect was a function of the electrolyte 
concentration and did not depend on the buffering action of the ammonium 
chloride. The fastest rate of hydrolysis was obtained with an initial elec- 
trolyte concentration of 2 M, which under the conditions described would 
give a final “‘average’”’ molarity of 1.4. These observations may be a re- 
flection of the effect of the electrolyte concentration on the physical prop- 
erties of the enzyme, such as solubility or the extent of unfolding of the 
protein molecule with resulting changes in available reaction sites. 

The results obtained when various concentrations of bile salts were used 
present two interesting points: The first is that even in the absence of bile 
salts hydrolysis proceeds quite rapidly and the rate is only slightly in- 
creased by their presence. The second is that hydrolysis is inhibited by 
higher concentrations of bile salts. 

Under the conditions of these experiments bile salts appear to have a 
minor rodle in the digestion of glycerides. In this connection it is interest- 
ing to note the wide variety of effects obtained by Wills (15) in his studies 
on the effect of various detergents and bile salts on the rate of hydrolysis 
by pancreatic lipase. Borgstrém (16) has suggested that one function of 
the bile salts 7m vivo may be to lower the pH optimum of lipase so that it 
will more closely correspond with that in the intestinal tract. 
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It will be noted that when the concentration of enzyme was varied the 5. 
initial portion of the curve was not linear as would normally be expected. i 
However, it should be recognized that the hydrolysis is not a single reaction 7 | 
but a series of consecutive reactions. In these experiments the amounts 8. | 
of monoglyceride and free fatty acid formed were used as the criteria of the 9. ( 
rate of hydrolysis. The initial lag in these curves can therefore be attrib- 


uted to the reaction at low enzyme concentration being predominantly “ : 
triglyceride to diglyceride. When viewed in this light, these are the type 12] 
of curves that should be obtained under these conditions. 13. § 
14. } 

SUMMARY 15. \ 

16. 1 


The nature of the products and some of the factors influencing the hy- 
drolysis of triglycerides by pancreatic lipase in vitro have been studied. It 
was found that (a) hydrolysis was favored by a high electrolyte concentra- 
tion (1 to 2 m), (b) bile salts at low concentration caused a slight increase in 
the rate of hydrolysis but at higher levels were inhibitory, (c) increasing the 
amount of enzyme resulted in the formation of more digestion products, 
but the effect was not linear. 

Digests of less than 60 minutes duration contained appreciable quantities 
of 2-monoglyceride, as well as 1-monoglyceride. If hydrolysis was allowed 
to proceed for 60 minutes, only the equilibrium mixture of 1- and 2-mono- 
glyceride was present. 

When 2-oleoy] dipalmitin was used as a substrate, the diglyceride formed 
was oleoyl palmitin and the monoglyceride was monoolein. Thus, the 
course of hydrolysis of triglycerides in vitro appears to be the same as that 
in vivo, namely, a series of directed stepwise reactions from triglyceride to 
1 ,2-diglyceride to 2-monoglyceride. The 1-monoglyceride is the result of 
isomerization of the 2-monoglyceride. 

The hydrolysis of triglyceride to diglyceride was found to be a first order 
reaction with a velocity constant of 0.07 min-'. The conversion of di- 
glyceride to monoglyceride was chiefly a zero order reaction with a velocity 
constant of 2 moles per cent per minute. The hydrolysis of monoglyceride 
to glycerol proceeded at such a slow rate that it was impossible to charac- 
terize this reaction. 

It is suggested that the enzyme, lipase, is specific for esterified primary 
hydroxy! groups. 
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PURIFICATION AND PROPERTIES OF THE 
PHOSPHORYLASE-RUPTURING ENZYME 


By PATRICIA J. KELLER* axnp GERTY T. CORT} 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, October 14, 1954) 


Two forms of rabbit muscle phosphorylase were described by Cori and 
Green (1) in 1943: a euglobulin, phosphorylase a, having about 65 per cent 
of its maximal enzymatic activity without the addition of adenosine-5/- 
phosphate, and a more soluble protein, phosphorylase b, which is enzy- 
matically inactive unless adenylic acid is added to the reaction mixture. 
In 1945, Cori and Cori (2) described an enzyme from rabbit muscle which 
catalyzes the conversion of phosphorylase a to phosphorylase b. This en- 
zyme was designated the PR (prosthetic group-removing) enzyme in the 
belief that adenylic acid, firmly bound to phosphorylase a, was split out 
during conversion to phosphorylase b. However, all attempts to demon- 
strate this as the mechanism of the conversion reaction were unsuccessful. 
There was no evidence for the appearance of adenylic acid among the prod- 
ucts of the conversion, nor for the presence of the nucleotide on phosphory1- 
ase a (2, 3). 

It was recognized in 1953 (4) that the conversion of phosphorylase a to 
phosphorylase b was associated with a near or exact halving in molecular 
weight, z.e. that the molecular changes effected by the PR enzyme were of a 
different nature than removal of a prosthetic group. It has been proposed, 
however, to retain the name PR (phosphorylase-rupturing) enzyme. The 
purification of rabbit muscle PR enzyme has been undertaken, and some 
of its properties have been studied. 


EXPERIMENTAL 


[Estimation of Enzyme Activity—The method of assay described by Cori 
and Cori (2) has been used to measure PR activity. The conversion re- 
action is followed by assay for phosphorylase activity under conditions in 
which only the a form is active, 7.c. in the absence of added adenylic acid. 
That the disappearance of phosphorylase a is due to conversion to phos- 
phorvlase 6 rather than to non-specific losses in activity can be established 

* Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, University of Washington, Seattle, Washington. 
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by assay also in the presence of adenylate. Under these conditions phos- 
phorylase 6 is fully as active as phosphorylase a. 

The usual preparation of phosphorylase a contains about 5 mg. of protein 
per ml. of crystal suspension. A fresh dilution (about 1:25) of such a 
preparation with 0.03 m cysteine, pH 6.6, is used foreach PR assay. 1 ml. 
of the dilute phosphorylase solution is preincubated for 20 minutes in a 
water bath at 30°. During this period three Klett tubes are prepared, each 
containing 0.1 ml. of a glucose-1-phosphate (0.064 m)-glycogen (4 per cent) 
mixture. 1 ml. of PR enzyme, suitably diluted with 0.03 m cysteine, pH 
6.6, is added to the phosphorylase solution and incubated at 30°. Imme- 
diately after mixing, 0.1 ml. is withdrawn from this reaction mixture and 
added to 0.1 ml. of prewarmed (30°) glycogen-glucose-1-phosphate mix- 
ture for phosphorylase assay. After 5 minutes at 30° the phosphorylase 
reaction is stopped by the addition of 7 ml. of 0.07 N sulfuric acid. Inor- 
ganic phosphate, released during phosphorylase action, is determined in 
the tube used for this reaction by the method of Fiske and Subbarow (5). 
Only 0.9 ml. of 5 N sulfuric acid is added to bring the final acidity to 0.5 N. 

It has been shown that phosphorylase a, in the presence of its substrates, 
is protected from PR action (2). The initial, or zero time, level of phos- 
phorylase a activity is thus measured in the first aliquot. Again at timed 
intervals (10 and 20 minutes) after mixing the PR enzyme and phosphory]- 
ase solutions, 0.1 ml. aliquots are withdrawn and the residual phosphoryl- 
ase a content is measured in the manner described above. The conversion 
follows, under the conditions of the test, the rate equation for a first order 
reaction (2). PR activity is expressed in terms of the first order rate 
constant, k, calculated as k = 1/t (log (units of phosphorylase a at ¢ = 
0)/ (units of phosphorylase a at ¢t)). Arbitrarily, k K 1000 equals a PR 
unit. Protein has been determined by the method of Lowry et al. (6). 

Method of Purification—A typical protocol of the procedure described 
here is presented in Table I. 

Preparation of Crude Extract. Step 1—Fresh rabbit muscle is passed once 
through a chilled meat grinder; the ground muscle is then homogenized for 
3 minutes in a Waring blendor with 2 volumes of cold, distilled water. The 
homogenate is centrifuged in a Servall angle centrifuge (8000 X g) for 5 to 
10 minutes and the supernatant fluid filtered through coarse filter paper. 

Acid Precipitation. Step 2—The pH of the extract is usually about 6.0. 
It is lowered to 5.65 by the addition of m acetate buffer, pH 4.6 (1 to 1.5 
ml. of acetate buffer per 100 ml. of extract is usually required).' After 5 
to 10 minutes in the cold, the flocculent precipitate is centrifuged at 8000 x 
g for about 10 minutes. The precipitate is collected into two tubes and 
washed once with about 80 ml. of cold, distilled water, then dissolved in a 


1 The pll meter is adjusted to the temperature of the extract. 
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cold solution of sodium glycerophosphate (0.08 m). The volume of the 
solution is adjusted to give a protein concentration of about 3 per cent 
(about 10 ml. per 100 gm. of muscle). The pH of the redissolved precipi- 
tate is usually near 7.0 and need not be further adjusted immediately. 
About an 8-fold enrichment in PR activity is effected by the precipitation. 
The solution is quite turbid at this stage. It can be frozen without loss 
of PR activity or taken directly through the next step in the purification. 

Alkaline Incubation. Step 3—The pH of the glycerophosphate solution 
of PR enzyme is raised to 9.4 by the addition of molar sodium carbonate 
(about 0.25 ml. per 10 ml.) and the solution is incubated in a water bath at 


TABLE I 
Protocol of Procedure (430 Gm. of Muscle) 

‘Total Units Total Re- 

Fraction vol- per Total units Protein = activity cov- Purification 

ume ml ery 

meg. per | per 

ml. mi. | cent 

Dissolved acid ppt....| 40 28,0001,120,000 | 19 760 1,470 54*  8.6* times 


After alkaline incuba- | 
tion and removal of | 


denatured protein. .| 30 000. 
Supernatant from ace- 
tone treatment. . ,000 


4,042) 54 24 times 


1,140, 000 | 9.4 


330 oot 0.37 113/80,000)_ 16| 176 “ 


“ *In this preparation the PR activity of the crude extract was not determined. 
The recovery and purification shown here are typical for the acid precipitation step. 
(A complete protocol of another PR preparation will appear elsewhere (8).) 

t Only 1 ml. out of the 30 ml. was processed. 

t Calculated for the entire volume of 30 ml. 


37° for 60 minutes. Upon readjustment to neutrality with 1 Mm acetate 
buffer a flocculent precipitate forms which can be discarded after centrif- 
ugation without loss of PR activity. About two-thirds of the total pro- 
tein is removed in this way; hence a purification of about 3 over the acid 
precipitate is achieved. The enzyme is stable at this stage to freezing at 
pH 9.4 and at neutrality. 

Acetone Treatment. Step 4—The supernatant fluid from the preceding 
step is divided into portions of 10 ml. each in order to facilitate rapid 
handling. Each aliquot is cooled to 0°. An equal volume of acetone (at 
—10°) is added at such a rate that the temperature never rises above 0° 
and is, at the end of the addition, about —5°. The heavy precipitate of 
protein is centrifuged immediately. About 2 minutes at 10,000 X g are 
sufficient to pack the precipitate well, while causing little rise in tempera- 
ture. The well drained precipitate is dispersed in 4 ml. of glycerophos- 
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phate (0.08 m)-Versene (0.01 mM) at pH 9.0 and dialyzed against the same 
buffer for 1 hour. Much denatured protein remains insoluble during the 
dialysis and is centrifuged off. The supernatant fluid contains PR en- 
zyme at a high level of purity. 

The protein concentration is usually under 0.1 per cent at this stage. 
Losses are incurred on freezing and thawing. The solution can be lyo- 
philized, however, and taken up in a more concentrated solution without 
loss in activity. The procedure as described has proved to be very re- 
producible. 

The final product of the purification represents an enrichment in PR ac- 
tivity of about 175-fold over the initial extract. It is calculated that 70 
y of the purified PR enzyme will convert 99 per cent of phosphorylase a to 
phosphorylase b in 10 minutes. However, physical studies of PR enzyme 
as a protein are precluded by the high nucleic acid content of the final 
material. 

Attempts have been made to eliminate the nucleic acid contamination 
by digestion with ribonuclease and alkaline phosphatase. No loss of PR 
activity occurred during a digestion of the purified enzyme in which 95 per 
cent of the non-protein material which absorbs at 260 my was made acid- 
soluble. However, a practical means of recovery of the PR enzyme, free 
from the added enzymes, has not been found. When the nucleic acid 
digestion is introduced at earlier stages in the procedure, the usual purifica- 
tion is not achieved in subsequent steps. 

It seems that PR activity is associated with the small particles of skeletal 
muscle. The enzyme remains suspended when the neutralized crude ex- 
tract from Step 1 is centrifuged at 18,000 * g for 30 minutes. It is sep- 
arated, however, as a small, glassy precipitate under centrifugation at 
100,000 * g for 60 minutes. Acidification in Step 2 promotes aggregation 
of the particles, facilitating the concentration of PR activity by relatively 
slow centrifugation. Although PR enzyme is unstable at acid pH, the 
brief exposure here is well tolerated. The specific activity of acid-precip- 
itated PR enzyme is about equal to that centrifuged from the neutral ex- 
tract. 

The particulate nature of PR enzyme is further manifest in its behavior 
toward ordinary methods of protein fractionation. PR activity is not 
recovered in any discrete salt or organic solvent fraction, but, rather, comes 
out of solution over a wide range of concentrations. The two final steps in 
the purification involve a selective denaturation of accompanying protein 
rather than a fractionation. 

Effect of Salts and Other Substances on PR Activity—The present work ex- 
tends some of the earlier observations (2) on the effect of salts on PR activ- 
ity, but fails to confirm the reported metal (Mn++) activation. The in- 
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hibition which was seen with phosphate esters and other divalent anions 
applies as well to monovalent salts. The usual PR activity assay mixture 
contains 0.03 m NaCl introduced with the neutralized cysteine hydrochlo- 
ride. Fig. 1 shows the inhibition caused by the addition of NaCl (0.01 
and 0.1 M) in excess of this. A linear relationship exists between the log of 
PR units and the square root of the ionic strength of the assay mixture, con- 


49+ 
| 
4.7 
4 
4.5} 
| 
0.8 } 
4 
x 
06 
10 
oO 
0.4 } 
39} 
3.7 
4 
24 6 8 10 l2 14 18 20 
TIME OF INCUBATION WITH PR O10 O20 030 O40 
MINUTES VNaCl IN ASSAY MIXTURE 
Fia. 1 Fic. 2 


Fia. 1. The effect of NaCl, 0.1 Mm (@) and 0.01 m (O), in excess of that (0.03 m, @) 
present in the usual assay mixture. 

Fic. 2. The logarithm of PR units is plotted against the square root of the ionic 
strength of the assay mixture. 


firming the ionic nature of the inhibition (lig. 2). Whereas divalent ions 
changed the kinetics of the PR reaction from first to zero order (2), NaCl 
did not affect the kinetics of the reaction. Over and above the general 
salt effect, NaF is specifically inhibitory to PR activity (7). As is shown 
in Table II, 50 per cent inhibition is seen at a fluoride concentration near 
10-3 M. 

A marked stimulation of PR activity by cysteine was reported in 1945 
(2). Ethyvlenediaminetetraacetate (crystalline disodium Versenate, pH 
6.8, 10-3 Mm) does not substitute for cysteine in this respect. PR enzyme is 
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only about 20 to 30 per cent as active in a Versene as in a cysteine medium. 
When Versene (10-4 m) is included in the usual assay mixture which con- 
tains 0.03 m cysteine, PR activity is inhibited about 30 per cent. Several 
observations argue against ascribing this effect to the metal-binding capac- 
ity of Versene. (1) Overnight dialysis of PR enzyme against 0.08 


TaBLE II 
Effect of Fluoride on PR Reaction 


NaF was included in the cysteine solution used to dilute the enzyme for assay. 
In each case the inhibition refers to a control assay mixture containing NaCl at the 
same molar concentration. 


[NaF] | Inhibition 
107! | 100 
10-2 | 100 
10-8 | 42 
10-4 | 10 
TaBLeE III 


Effect of Dialysis and Versene on PR Enzyme 


| PR activity (units per ml.) 
assayed in 
Pretreatment of enzyme | I a. by 
0.03 M cysteine = 
18 hr. dialysis vs. 0.08 m sodium glycerophos- 
18 hr. dialysis vs. same containing 10~‘ M Ver- 
49 ,600* 36 , 300 27 
Enzyme mixed with Versene (10-4 then | | 
dialyzed 18 hrs. vs. glycerophosphate.... . 46,000, 30,300 34 


* In the PR activity test, Versene is diluted out to a negligible level. 


/ sodium glycerophosphate, pH 9.0, or against this buffer containing 10 
mM Versene results in no loss of PR activity. Versene can be mixed with a 
stock solution of the PR enzyme, then dialyzed out against glycerophos- 
phate without loss of PR activity. Such dialyzed preparations are still 

inhibited by the presence of Versene in the assay mixture. These experi- 

ments are shown in Table III. (2) Addition of another metal-binder, 8- 

hydroxyquinoline (5 & 10~ m), to the assay mixture does not depress PR 

activity. (3) It has not been possible to demonstrate any stimulation of 
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PR activity by the divalent metals Mn++, Mg**, or Cat*, nor by boiled 
juices of PR preparations. In contrast to the Mn** activation noted pre- 
viously (2), Mn inhibited PR action in all present experiments: 40 per 
cent inhibition was seen at a Mn++ concentration of 5 X 10-* m and 20 per 
cent at 5 X 10-°'m. Mn+ inhibited whether or not the PR preparation 
had been dialyzed; the inhibition was noted with PR enzyme prepared by 
the present method or by the procedure described in 1945. There isas yet 
no explanation for the discrepant results. 


46 
45} 
44} 
43} 
42} 
4.1 | 
40} 
39 | 
38} 
37 | 
36 | 
35} 


LOG K 


3.2 3.3 34 35 
x 10° 


Fig. 3. The logarithm of k, the first order rate constant, X 1000 is plotted against 
the reciprocal of absolute temperature. Slope of line, —4720. 


The inhibition of PR activity by Versene would seem to reflect some 
property of the Versene molecule other than that of metal-binding. This 
property is confined to the non-chelate form of the molecule, since neither 
Mg Versenate nor Mn Versenate inhibits the PR enzyme. 

The temperature coefficient of the PR reaction has been calculated from 
data obtained at 17°, 27°, and 37°. The Qio was 3.4 and 3.6, respectively, 
higher values than are found for most enzyme reactions. Fig. 3 presents a 
plot of log k versus 1/T for the PR reaction. From the slope of the straight 
line so obtained (—4720) it is calculated that the energy of activation of 
the PR-catalyzed conversion of phosphorylase a to phosphorylase b is 
21,600 calories. 


Mrs. Alice Bronfenbrenner rendered valuable technical assistance. 
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SUMMARY 


The phosphorylase-rupturing enzyme (PR) from rabbit muscle, which is 
associated with small particles, has been partially purified. The method 
of purification is based on the following properties of the enzyme: it is pre- 
cipitated at pH 5.6, it is resistant to incubation at 37° at pH 9.5, and it can 
be extracted from a precipitate obtained by 50 per cent acetone at —5° at 
pH 9.5, while most contaminating proteins remain insoluble. An enrich- 
ment of about 175-fold over the crude extract has been achieved. Some of 
the properties of the purified enzyme have been studied. 
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THE ACTION OF TRYPSIN ON PHOSPHORYLASE a 


By PATRICIA J. KELLER* 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missour?) 


(Received for publication, October 14, 1954) 


Cori and Cori (1) noted in 1945 that crystalline preparations of trypsin 
simulated the action of the PR (phosphorylase-rupturing) enzyme of muscle 
on phosphorylase a. In an attack which precedes general proteolysis of 
the molecule, phosphorylase a is converted by trypsin to a form enzymati- 
cally identical with phosphorylase b. The present paper is a study of this 
reaction, the questions being whether phosphorylases b formed by trypsin 
and by the PR enzyme are, in fact, identical. 


Materials and Methods 


We are indebted to M. Laskowski for a generous supply of trypsin (re- 
crystallized three times) and pancreatic trypsin inhibitor (recrystallized 
five times) used for these experiments. Phosphorylase a was prepared by 
the method of Green and Cori (2); phosphorylase b was made from phos- 
phorylase a, either by the action of crystalline trypsin or by purified PR 
enzyme, as specified in the text. 

The procedure for following the conversion of phosphorylase a to phos- 
phorylase b, catalyzed by trypsin, is the same as that used when the con- 
version is catalyzed by PR enzyme (3). 


EXPERIMENTAL 
Effect of pH 


The trypsin-catalyzed conversion of phosphorylase a to phosphorylase 
6 was carried out in imidazole buffers of five different pH values ranging 
from 6.1 to 7.4. The units of phosphorylase a activity were measured at 
zero time and at intervals (2 and 4 minutes) after addition of trypsin. The 
short reaction periods were chosen in order to minimize any effect of the 
instability of trypsin at higher pH values. Trypsin activity was main- 
tained in the second time period at all but the highest pH. At pH 7.4 the 
rate constant was about 22 per cent lower in the second period. Fig. 1 
presents the pH-activity curve for the reaction which proceeds optimally 
in imidazole buffer at pH 6.8. This is about 1 pH unit below the value 


* Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, University of Washington, Seattle, Washington. 
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reported for most trypsin reactions. The rate of the conversion falls off 
sharply on the alkaline side of pH 6.8. ; 


Ultracentrifugal Studies 


Solutions of phosphorylase a were incubated with trypsin to effect par-  , 
tial conversion to phosphorylase b. The action of trypsin was stopped at 
definite intervals by the addition of pancreatic trypsin inhibitor in excess, 
The reaction mixtures were examined in the ultracentrifuge and by enzy- 


100 r 
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U 
5 60; 
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Fic. 1. The pH-activity curve of the trypsin-catalyzed conversion of phosphor- 
ylase a to phosphorylase 6. Each reaction mixture contained 0.010 mg. of trypsin 
and 0.160 mg. of phosphorylase per ml. of imidazole buffer (0.01 M). 


matic assay. While solutions of phosphorylase a alone are ultracentrif- 
ugally homogeneous, solutions incubated with trypsin contained a new 
protein component.' The second component arose at the expense of phos- 
phorylase a and sedimented as a single molecular species. 

Table I presents the data by which the second protein component is | 
identified as phosphorylase b. For each experiment 1 ml. of phosphory!- 
ase solution (8 mg. of protein) was dialyzed for several hours against imida- 
zole buffer (0.01 M, pH 6.8). Trypsin was added, in the amounts indicated, 
and the mixtures were incubated at 30°. Trypsin inhibitor (38 y) was 
added to stop further action of the enzyme and an aliquot was removed for 
enzymatic assay. Concurrently, as the remainder was ultracentrifuged 


1 The amounts of trypsin added were too small to be seen in the ultracentrifuge. 


W 
| sin 
tio 
cel 
the 
ma 
am 
ring 
pre 
con 

| 


P. J. KELLER 137 


(Spinco ultracentrifuge, model E) at 250,000 X g, the aliquot was assayed 
for phosphorylase activity in the presence and in the absence of added 
adenylic acid.2, From the ratio of these two activities, before and after 
incubation, the per cent of phosphorylase } in the mixture can be calculated. 
Enlarged tracings were made of the sedimentation diagrams and the rel- 
ative areas of the two protein components were measured planimetrically. 
It will be seen in Table I that the relative area of the second protein com- 
ponent is at all times in good agreement with the proportion of phos- 
phorylase b in the mixture as indicated by enzymatic assay. 


TaBLe I 


Comparison of Ultracentrifugal and Enzymatic Analyses of Incubation 
Mixtures of Phosphorylase a and Trypsin 


Phosphorylase a, at a concentration of 8 mg. per ml. in imidazole buffer, pH 6.8, 
was incubated with trypsin as indicated. Pancreatic trypsin inhibitor was added 
to stop the reaction and aliquots were analyzed enzymatically and ultracentrif- 
ugally as described in the text. 


Phosphorylase bby 2nd component by 


Trypsin added | Time incubated enzymatic assays area analyses 
meg. per ml | min. per cent | per cent 
0.005 | 7 | 18 | 17 
0.005 30* 28 28 
0.005 | 15 | 41 47 
0.005 | 30 | 56 | 53 


0.010 | 30 | 76 76 


* The pH of this reaction mixture was 7.4. 


In Fig. 2 the sedimentation constant of phosphorylase b, formed by tryp- 
sin or by PR enzyme, has been plotted against protein concentration. Both 
sets of values fall on a straight line, extrapolating to 8.2 S at infinite dilu- 
tion. The sedimentation constant of phosphorylase a at zero protein con- 
centration is 13.28. Addition of AMP during centrifugation did not affect 
the sedimentation constants of phosphorylases a or b. 


Diffusion Constant 


An attempt has been made to measure the diffusion constant of trypsin- 
made phosphorylase b. It is difficult to effect complete conversion of large 
amounts of phosphorylase a to phosphorylase b by trypsin without ineur- 
ring some loss through general proteolysis. For this experiment it seemed 
preferable to retain full enzymatic activity even at the expense of complete 
conversion. The diffusion experiment was carried out with a mixture of 


* Adenosine-5’-phosphate, abbreviated elsewhere in the text as AMP. 
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known composition, and the observed constant was treated as a weight | 
average of the diffusion constants of phosphorylases a and b. 

32.3 mg. of phosphorylase a were first dialyzed against imidazole buffer 
(0.01 m, pH 6.8) and then incubated with 0.23 mg. of trypsin. After addi- : 
tion of trypsin inhibitor the mixture, containing, according to enzymatic — 
analysis, 75 per cent phosphorylase b and 25 per cent phosphorylase a, was | 
dialyzed to equilibrium against potassium phosphate-potassium chloride 
buffer of ionic strength 0.23 and pH 7.1. Free diffusion against the buffer 
was allowed to proceed in a Tiselius electrophoresis cell at 2° for 53 hours. | 
An unexplained disturbance was present in one limb of the cell from the k 
outset of the experiment. Schlieren scanning photographs of the boundary s 
in the remaining limb presented diffusion curves which were symmetrical 


10.0 F 

> 9.0 }+ 

7.0 + 

0 J 2 3 A 5 6 7 > 

PROTEIN CONCENTRATION, PER CENT M 

Kia. 2. The sedimentation constants of phosphorylase 6 made by trypsin (@) or i 
by the PR enzyme (O) plotted as a function of protein concentration. fo 

over the 53 hour period. Enlarged tracings were made of the diffusion - 
curves and u, one-half the distance between the inflection points, was meas- |_ . 

in 

ured for each curve. The diffusion constant was calculated from the pk 

equation D = u?/2t and corrected to obtain the value at 20° in water. a 


The observed constant (2.96) was resolved as: 


D _ (Da KX weight % phosphorylase a) + (Dy, X weight % phosphorylase 6) ef] 
ence tiie weight % phosphorylase a + weight % phosphorylase b en 


Dw», for phosphorylase a is 2.6 K 1077 sq. em. per second (4). When this i” 
value and the respective weight percentages of each component were sub- 
stituted into the equation, the diffusion constant of trypsin-made phos- 
phorylase b was caleulated to be 3.1 & 10-7 sq. em. per second. ‘ 

Green (5) has measured the diffusion constant of phosphorylase b made do 


by PR action on phosphorylase a. She reports the figure 3.3 & 10-7 sq. em. ei 
per second as Doo. The molecular constants of phosphorylase a and of ob 


the two kinds of phosphorylase b are summarized in Table II. It will be 
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seen that the molecular weights of both forms of phosphorylase b are about 
one-half that of phosphorylase a. Whether the 6 per cent difference seen 
between the molecular weights of trypsin and PR-made phosphorylase b 
is real or apparent cannot be decided by these methods. ‘The frictional 
ratios, f/fo, of the three forms of phosphorylase do not appear to differ 
significantly from each other. 


Electrophoretic Properties 


The electrophoretic behaviors of the two forms of phosphorylase b have 
been compared. Solutions of phosphorylase a were incubated with tryp- 
sin and with PR enzyme, respectively. In each case, when conversion to 


TaBLeE II 
Molecular Constants of Phosphorylase a and Two Species of Phosphorylase b 
The diffusion constant of PR-made phosphorylase b was determined by Green 
(5). The partial specific volumes (V20) of phosphorylase a and of PR-made phos- 
phorylase b have been determined (4). The same value has been assumed for Voo 
of trypsin-made phosphorylase b. 


Constant Phosphorylase a P b P b 
fo 


phosphorylase b had occurred and trypsin action had been stopped by the 
inhibitor, the entire reaction mixture was dialyzed against potassium phos- 
phate buffer of ionic strength 0.1, pH 7.8. Electrophoreses were conducted 
at 2° in a Tiselius apparatus. 

35 mg. of phosphorylase a were incubated with 0.14 mg. of trypsin to 
effect 87 per cent conversion in 15 minutes with 90 per cent retention of 
enzymatic activity. The phosphorylase b formed in this reaction migrated 
as a single protein across the distance of the cell. Similarly, phosphorylase 
b made by PR action (320 y of PR per 22 mg. of phosphorylase a) was 
electrophoretically homogeneous. However, phosphorylase b made_ by 
trypsin carries a greater net negative charge under these conditions than 
does PR-made phosphorylase b. The electrophoretic mobilities of the two 
proteins are shown in Table III. The difference was confirmed in another 


experiment in which a mixture of known proportions of the two forms of 
phosphorylase b was examined. 


In this experiment the proteins separated 
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during electrophoresis, the trypsin product moving more rapidly toward 
the positive electrode. 

As with the PR enzyme (6), the trypsin-catalyzed conversion of phos- 
phorylase a to phosphorylase b is inhibited by AMP. While 20 y of tryp- 
sin effected 71 per cent conversion of 6 mg. of phosphorylase a to phos- 
phorylase b in 12 minutes in the absence of AMP, no conversion occurred 
under the same conditions when AMP (10-3 M) was present in the reaction 
mixture. Neither NaF nor NaCl (0.1 mM) has any effect on the trypsin re- 
action, whereas PR enzyme is inhibited by salts generally and by fluoride 
specifically (3, 6). Conversely, trypsin action is effectively halted or pre- 
vented by specific trypsin inhibitors (soy bean and pancreatic) which were 
found to have no effect on the PR enzyme. The Michaelis constant (K,,) 
of the two forms of phosphorylase b for AMP was determined at 30°. The 
activity of each enzyme was half maximal at a concentration of 3 K 1075 


TaBLeE III 


Electrophoretic Mobilities of Phosphorylases b in Potassium Phosphate 
Buffers of Ionic Strength 0.1, pH 7.8 


Phosphorylase } u, cm.? per sec. per volt 
Mixture, —3.9 X 


MAMP. The value of 5 X 10-5 mM was reported by Cori, Cori, and Green 


(7) for phosphorylase b made by PR action. The deoxyribose analogue of 


AMP was tested with PR-made phosphorylase b; it did not activate. 


DISCUSSION 


The experiments which have been described establish that the trypsin- 
catalyzed conversion of phosphorylase a to phosphorylase b is of the same 
general type as the PR reaction. In both reactions there is an approximate 
halving in the molecular weight of phosphorylase a. The phosphorylase b 
molecules formed by trypsin and by PR enzyme are indistinguishable in the 
ultracentrifuge, but are not identical since they can be separated electro- 
phoretically. 

Trypsin-made phosphorylase b carries a greater net negative charge in 
phosphate buffers of ionic strength 0.1, pH 7.8, than does PR-made phos- 
phorylase b. The difference in charge cannot be readily explained. Sev- 
eral possibilities suggest themselves. Trypsin might split out a peptide 
fragment at the site of cleavage or it might split off amide groups. Velick 
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and Wicks (8) have suggested that phosphorylase binds anions at pH 
values below 10. If this is so, the electrophoretic behavior of the two forms 
of phosphorylase b may be due to a difference in phosphate binding. 

Krebs (9) has found another difference in the behavior of the two species 
of phosphorylase b. While salmine increased the affinity for AMP of phos- 
phorylase b made by PR action, this was not the case for trypsin-made 
phosphorylase b. Whatever the exact nature of the two forms of phos- 
phorylase b they have similar or identical molecular weights, the same spe- 
cific enzymatic activity, and an equal affinity for AMP in the absence 
of salmine. 

No conclusions can be drawn from these properties of the two forms 
of phosphorylase 6 as to the mode or site of action of trypsin and of 
PR enzyme. End-group determination of phosphorylase a and of the 
two forms of phosphorylase b are in progress. It is hoped that they will 
establish whether the attack of trypsin on phosphorylase a is consistent 
with its known specificity requirements. They may also help to elucidate 
the mechanism of PR action. 


SUMMARY 


The trypsin-catalyzed conversion of phosphorylase a to phosphorylase b 
has been studied. The reaction is associated with an approximate halving 
in the molecular weight of phosphorylase a. Phosphorylase b made by 
trypsin is ultracentrifugally indistinguishable from phosphorylase b made 
by the PR enzyme, but is electrophoretically distinct. 


I wish to thank Dr. Gerty T. Cori and Dr. Carl F. Cori for their guid- 
ance in this work, and Miss Carmelita Lowry for generous assistance in 
making the physical measurements. 
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INHIBITION OF THE PHOSPHORYLASE-RUPTURING 
ENZYME BY SOME TRYPSIN SUBSTRATES 


By PATRICIA J. KELLER* any» MELVIN FRIED 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missour?) 


(Received for publication, October 14, 1954) 


The analogous activities of trypsin and the PR (phosphorylase-ruptur- 
ing) enzyme (1) in converting phosphorylase a to phosphorylase b suggest 
a possible mechanism of action for the PR enzyme. Although phosphory- 
lase b made by trypsin is not identical with that made by the PR enzyme 
(2), the differences which have been seen do not preclude a similar mech- 
anism of action for the two enzymes. Presumably this would be a proteo- 
lytic or esteratic attack on phosphorylase a. 

Cori and Cori (1) examined partially purified preparations of PR enzyme 
for proteolytic activity in 1945. No increase in non-protein nitrogen was 
noted when PR enzyme was incubated with dialyzed rabbit serum, with 
muscle protein fractions, or with phosphorylase a. It now seems, how- 
ever, from its action on phosphorylase a (3), that PR enzyme might be an 
endoproteinase capable of splitting only one or a few internal bonds of the 
protein. 

The question of proteolytic action by the PR enzyme has therefore been 
reexamined with different methods, the more highly purified preparations 
of PR enzyme now available being used. Experiments were designed to 
test further for trypsin-like activity by the PR enzyme. Although PR 
enzyme, under the conditions employed, did not appear to act as an endo- 
proteinase on other muscle proteins nor split any of the trypsin substrates 
tested, it was inhibited in its action on phosphorylase a by the ethyl] esters 
of L-arginine and L-lysine. The kinetics of the inhibition appeared to be 
those of competition with phosphorylase a for the PR enzyme. 


EXPERIMENTAL 
Muscle Proteins As Substrates 


Two crystalline proteins from rabbit muscle were tested as substrates 
for PR action. In view of the possibility that only a few fragments of 
relatively high molecular weight might result, the incubation mixtures 
were examined in the ultracentrifuge. The desired level of PR activity 
could be achieved by amounts of protein too small to interfere optically. 


* Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, University of Washington, Seattle, Washington. 
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Myosin, like phosphorylase a, is attacked by trypsin in a specific and 
differential manner (4). This protein was tested as a substrate for PR 
action. Twice recrystallized, ultracentrifugally homogeneous myosin, pre- 
pared by the method of Mihalyi (5), was incubated, at a concentration of 
4 mg. per ml., with 1300 units per ml. of PR enzyme (for definition of PR 
units see Keller and Cori (6)). The solution was 0.2 m in KCI, 0.01 m in 
cysteine, and 7 X 10-4 mM with respect to sodium glycerophosphate at pH 
6.8. After 20 hours of incubation at 30° the mixture was examined in the 
ultracentrifuge (Spinco, model E) at 250,000 XK g. A single component, 
apparently identical with untreated myosin, was seen. 

An enzyme from the glycolytic cycle was also tested as a substrate for 
PR activity. Aldolase recrystallized three times, prepared according to 
Taylor et al. (7), was incubated at a concentration of 2.6 mg. per ml. with 
600 units of PR enzyme. The mixture contained 0.01 m KCI and 0.015 m 
cysteine at pH 6.7. After 6 hours of incubation at 30° the mixture was 
ultracentrifugally indistinguishable from untreated aldolase. 

In each case the concentration of PR enzyme was several times that 
necessary for complete conversion of similar amounts of phosphorylase a 
to phosphorylase 6 in 1 hour. 


Effect of PR Enzyme on Esters 


N-Acylated and unacylated esters of the basic amino acids are known to 
be substrates for trypsin (8). Their enzymatic hydrolysis is usually fol- 
lowed by titration of the carboxyl groups released during the reaction. 

Three compounds of this type were examined as substrates for PR en- 
zyme: benzoyl-L-arginine ethyl ester,' L-lysine ethyl ester, synthesized as 
described by Werbin and Palm (9), and L-arginine ethyl] ester which was 
synthesized by the same procedure used for the lysine ester. The reac- 
tions were followed titrimetrically. PR enzyme was added to a solution 
of the substrate at a preselected pH and the amount of standard NaOH 
required to maintain that pH was measured at regular intervals. The 
mixture was magnetically stirred, the temperature was maintained at 37°, 
and the pH was measured with grounded and shielded micro electrodes 
connected to a Beckman model G pH meter. The standard NaOH was 
added beneath the surface of the reaction mixture from a Machlett micro 
autoburette fitted with a 3 inch, No. 20 hypodermic needle. The method 
was found to be sensitive to less than 1 per cent hydrolysis of the sub- 
strates. 

None of the esters was hydrolyzed to a measurable degree by 3000 to 
5000 units of PR enzyme. All were hydrolyzed by trypsin at enzyme con- 


' Kindly supplied by Dr. Hans Neurath. 
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centrations equivalent, in terms of the conversion of phosphorylase a to b, 
to about 300 PR enzyme units per ml. 


Inhibition Studies 


An alternative method of elucidating the mechanism of enzyme action 
is through the use of inhibitors. The three esters studied above and three 
other compounds were examined for their effect on the PR-catalyzed con- 
version of phosphorylase a to b. 

The activity was measured as described (6), except that a single time 
interval of 10 minutes was chosen. The substrate concentration was 
varied over a 10-fold range, 7.e., from 185 to 2070 units of phosphorylase 
a per ml. of reaction mixture. These concentrations are all well below the 
level of phosphorylase a which saturates the PR enzyme. The first order 
velocity constant, k’, was calculated for each experiment. The initial 
substrate concentration [S] was multiplied by k’ to obtain the initial rate of 
the reaction, v. The reciprocals of initial rate and of initial substrate con- 
centration were plotted against each other, according to Lineweaver and 
Burk (10). 

The esters were dissolved in the cysteine solution used to dilute PR 
enzyme. The enzyme was preincubated with the ester (10-? m) for 2 min- 
utes at 30° before addition to phosphorylase a. Controls, without ester, 
were treated identically in terms of dilution and preincubation. The final 
concentration of ester in the assay mixture was 5 X 10° M, except in the 
case of L-arginine ethyl ester when it was 6 & 10°? M. 

The ethyl esters of L-arginine and L-lysine inhibited PR action on phos- 
phorylase a. The kinetics of the inhibition are shown in Fig. 1. While 
the slopes of the 1/v:1/[S] plots differ significantly, the intercepts do not. 
By these criteria the inhibition of PR enzyme by L-arginine ethyl ester 
and L-lysine ethyl ester is of the competitive type. L-Leucine ethyl ester 
(11) did not inhibit PR action, nor did benzoyl-L-arginine ethyl ester. 
L-Arginine inhibited only 6 per cent, the effect being independent of phos- 
phorylase a concentration. While L-lysine inhibited 13 per cent, L-lysine 
ethyl ester inhibited more than 50 per cent under the same conditions. 
The small inhibitions by arginine and lysine are within the range of salt 
effects on the PR enzyme (6). 

By applying the method of least squares to the data of Fig. 1 the best 
straight line was drawn. A, for PR enzyme was calculated to be 3000 
units of phosphorylase a per ml. This corresponds to 1 mg. of phosphory- 
lase, recrystallized to constant specific activity (12). By taking 495,000 
as the molecular weight of the protein (3), A, can be expressed as 2 & 10° ® 
M phosphorylase a. A, for L-arginine ethyl ester was 3.3 XX 10-3 mM; for 
L-lysine ethyl ester it was 6.6 K 10°* Mm. The affinity of PR enzyme for 
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these compounds thus averages about 1/2500 that for phosphorylase a. ul 
Vinax. 1.2 umole per ml. of phosphorylase a converted to phos- Pl 
phorylase b in 1 minute at a concentration of 1 PR unit per ml. hy 

The relative affinities of PR enzyme for phosphorylase a and for L-argi- es 
nine ethyl ester were considered in another attempt to show hydrolysis of 
L-arginine ethyl ester directly. 76,000 units of highly purified PR enzyme ur 
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1/(S) x 104 est 
Fic. 1. Competitive inhibition of PR action on phosphorylase a. Curve 1, phos- (@ 
phorylase a alone; Curve 2, plus 5 X 1073 m L-lysine ethyl ester; Curve 3, plus 6 X car 


10-3 Mm L-arginine ethyl ester. The initial rate, v, was determined as described in 
the text and is expressed as units of phosphorylase a converted to phosphorylase 
b per ml. per minute. S, the initial substrate concentration, is expressed in units r 
of phosphorylase a per ml. The PR concentration was 25 units per ml. 


(30,000 units per mg. of protein) in 2.5 ml. of cysteine (0.015 mM, pH 6.8) : 
were added to a neutralized solution of L-arginine ethyl ester. The final | ~" 


concentration of the ester was 0.065 mM, or about 20 times the dissociation hor 
constant for this ester and PR enzyme; the concentration of PR enzyme a 
was 25,000 units per ml. or 1000 times that used in conversion reactions. me 
The reaction was followed titrimetrically as described above. No evi- the 
dence of hydrolysis was seen in 1 hour’s incubation at 38°. hy 


If PR enzyme had catalyzed the hydrolysis of L-arginine ethyl ester at 
the same maximal rate as was found for the conversion of phosphorylase : 
ato b (1.2 & 10-5 wmole per ml. per minute per unit of PR activity), 0.3 | Ce 
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umole of ester would have been hydrolyzed per minute by 25,000 units of 
PR enzyme in1 ml. Less than 0.01 umole per ml. per minute actually was 
hydrolyzed. Thus if PR enzyme has any action on L-arginine ethyl 
ester, it proceeds at less than 1/30 the rate of the conversion reaction. 

Trypsin, on the other hand, at a concentration of 0.02 mg. per ml. (280 
units in terms of conversion of phosphorylase a to b) effected 40 per cent 
hydrolysis of L-arginine ethyl ester in 1 hour. In Fig. 2 the activities of 
PR enzyme and trypsin toward L-arginine ethy! ester are compared. 


50 


PERCENT 


0 20 40 60 80 100 
REACTION TIME (MINUTES) 

Fic. 2. Comparison of action of PR enzyme and trypsin on L-arginine ethyl 
ester. L-Arginine ethyl ester was incubated with 25,000 units per ml. of PR enzyme 
(@) and with trypsin (O) equivalent to 280 PR units per ml. Both reactions were 
carried out at 37° and pH 68. 


DISCUSSION 


The PR enzyme has been tested as a catalyst in several reactions known 
to be mediated by trypsin. Based on the specific nature of the action of 
PR enzyme on phosphorylase a, it was not expected that any extensive 
similarity between the two enzymes would be observed. It was felt, 
however, that trypsin and PR enzyme might have in common some specific 
initial attack on other proteins, the nature of which would help to char- 
acterize the PR enzyme. No such common action has been found. Nei- 
ther myosin nor aldolase was observed to be affected by PR action.2 PR 
enzyme had no measurable action on amino acid esters which are readily 
hydrolyzed by trypsin (8). 


? Chymotrypsinogen was not converted to chymotrypsin by PR enzyme (G. T. 
Cori, unpublished). 
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However, support for the idea that there are similarities between tryp- 
sin and PR action comes from the competitive inhibition of PR activity by 
some of the trypsin substrates. There are several indications of specific- 
ity of this inhibition. Arginine and lysine fail to inhibit PR activity 
competitively, while the corresponding ethyl esters do, indicating that the 
carboxyl group must be covered. The inactivity of leucine ethyl ester as 
an inhibitor emphasizes the affinity of the enzyme for a basic side chain, 
a characteristic of trypsin (13). That benzoyl-L-arginine ethyl] ester does 
not inhibit PR activity under the conditions employed may be a reflection 
of a lowered affinity of PR enzyme for this compound as compared with 
arginine ethyl ester. This is paralleled by a lowered activity of trypsin 
towards benzoyl-L-arginine ethyl ester when compared with L-arginine 
ethyl ester.* 


SUMMARY 


The PR enzyme has been tested for action on several typical trypsin 
substrates. No hydrolytic action was observed on crystalline myosin or 
aldolase, nor on the ethyl esters of L-arginine, benzoyl-L-arginine, or L-ly- 
sine. 

The ethyl esters of arginine and lysine competitively inhibited the PR- 
catalyzed conversion of phosphorylase a to phosphorylase b. K, of PR 
enzyme is 2 X 10°° m phosphorylase a; K; is 3.3 & 10°’ m for L-arginine 
ethyl ester and 6.6 & 10-* m for L-lysine ethy] ester. 


The authors wish to express their gratitude to Dr. Gerty T. Cori, Dr. 


Carl F. Cori, and Dr. Robert K. Crane for their interest and helpful sug- | 


gestions. 
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THE BIOSYNTHESIS OF SUCROSE* 


By C. k. CARDINI, LUIS F. LELOIR, ann J. CHIRIBOGA 


(From the Instituto de Investigaciones Bioquimicas, Fundacitén Campomar ,t 
Buenos Aires, Argentina) 


(Received for publication, October 18, 1954) 


Hassid, Doudoroff, and Putman (1-3) discovered an enzyme in certain 
bacteria (Pseudomonas saccharophila) which catalyzes the following re- 
action: 


Glucose-1-phosphate + fructose — sucrose + inorganic phosphate 


The enzyme, which was named sucrose phosphorylase, has not been 
found in plant tissues (4), and thus the mechanism of sucrose synthesis 
remains obscure. Evidence obtained from tracer experiments led Bu- 
chanan et al. (5, 6) to assume that in plants sucrose phosphate is formed 
from UDPG! and fructose-1-phosphate. This hypothesis stimulated work 
which led to the discovery of an enzyme which catalyzes sucrose synthesis 
according to the following reaction: 


UDPG + fructose — sucrose + UDP (1) 


A brief note (7) reported the preparation of this enzyme from wheat 
germ and its presence in some other plant materials. Furthermore, the 
validity of Reaction | was proved by the equivalence between the disap- 
pearance of UDPG and the formation of UDP and sucrose. A more de- 
tailed study is reported in this paper. 


M ethods 


Analytical—Sucrose was estimated by the resorcinol method of Roe (8)- 
The volumes taken were reduced to one-fourth, and the color was measured 
at 490 my. In order to avoid the interference of fructose, the samples 
were heated 10 minutes at 100° after adding sufficient sodium hydroxide 
to make the concentration 0.2 Nn. While 2 umoles of fructose were found to 
give no color with resorcinol after this treatment, sucrose remained unaf- 
fected even when the concentration of alkali was 0.5 nN. High concentra- 
tions of monosaccharides yield some color, even after alkaline treatment, 
but this can be corrected by the use of suitable blanks. 


* This investigation was supported in part by a research grant (No. G-3442) 
from the National Institutes of Health, United States Public Health Service, 
and by the Rockefeller Foundation. 

t J. Alvarez 1719. 

‘The following abbreviations are used: UDP for uridine diphosphate, UDPG 
for uridine diphosphate glucose, and Tris for tris(hydroxymethyl)aminomethane. 
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The method of Kunitz and McDonald (9) was followed for protein esti- 
mation. 

Substrates—UDPG and UDP were prepared as described previously 
(10). The sugars were commercial samples. 

Estimation of Enzyme-——The following components were mixed: 0.5 
umole of UDPG, 2 umoles of fructose, 0.01 ml. of 2 m Tris buffer of pH 
7.2, and variable amounts of enzyme; total volume, 0.15 ml. After 30 
minutes at 37°, water was added to 0.5 ml., followed by 0.02 ml. of 5 N so- 
dium hydroxide. After careful mixing, the tubes were heated 10 minutes 
at 100° and sucrose was estimated. An equal sample, in which UDPG 
was added after the incubation, and sucrose standards (0.1 to 0.2 umole) 
were run at the same time. 


TABLE I 
Purification of Enzyme 


Fraction | Volume Units* Purityt 
| mi. 

I. Crude extract......... oo 70 ~0.05 
If. Ist ammonium sulfate | 35 | 672 | 0.24 
Ill. Manganous chloride. . | 40 132 0.66 
IV. 2nd ammonium sulfate. | 20 | 108 | 1.16 
V. Alumina, Ist supernatant | 20 | 104 | 1.80 


*1 unit is defined as the amount of enzyme catalyzing the formation of 1 umole 
of sucrose in 30 minutes under the conditions described in the text. 
t Expressed in units per mg. of protein. 


Plant Material—Beet, sweet sorghum, or pea seeds were allowed to ger- 
minate 4 to 5 days at 30° under light on wetted cotton. The shoots were 
then ground, and the solids were removed by filtration through muslin. 
The liquid was then treated with ammonium sulfate, and the fraction 
obtained between 0.25 and 0.60 saturation was redissolved and dialyzed 
overnight in the refrigerator against distilled water. The protein content 
of the extracts was found to decrease with the age of the plantules. 

Sugar cane shoots (2 to 3 em. long) and roots were obtained from stem 
cuttings which had been kept in the laboratory on wetted cotton at 30°. 
The extracts were prepared as described above. 

Purification of Wheat Germ Enzyme — 30 gm. of commercial wheat germ 
and 100 ml. of 0.05 mM phosphate buffer of pH 7.2 were mixed in a blender. 
The suspension was centrifuged 15 minutes at 16,000 r.p.m., and the super- 
natant. fluid was dialyzed with constant stirring at 5° during 4 to 5 hours. 
The liquid was centrifuged again as before (Fraction I, crude extract 


(Table I)). 
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The supernatant solution was made 0.5 saturated with solid ammonium 
sulfate, and the precipitate obtained by centrifugation was dissolved in 
half the volume of Fraction I of water and dialyzed overnight at 5° against 
distilled water (Fraction I]). 0.1 volume of 1 mM manganous chloride was 
added, and the suspension was stirred during 30 minutes at 0°. After 
centrifugation the supernatant fluid (Fraction II]) was made 0.3 saturated 
with ammonium sulfate, and the precipitate was discarded. Ammonium 
sulfate to 0.5 saturation was added, and the precipitate was dissolved in 


O16 
oO 
0.12 
15 
0.05} 4 & 204 “O02. 004 
(S] 
0.04 0.06 0.08 
pH MOLARITY OF FRUCTOSE 
Fic. 1 Fic. 2 


Fic. 1. pH optimum curve. System as deseribed in the text with Tris or ace- 
tate buffer at 0.15 m final concentration. Incubated 15 minutes at 37°. The pli 
was determined on aliquots with a glass electrode. 

Fic. 2. Influence of fructose concentration. System as described in the text. 
The amount of purified enzyme corresponded to 0.18 mg. of protein. Fructose con- 
centration as indicated. Section at right, a Lineweaver-Burk (22) plot. A, = 
2.3 10°. 


half the volume of Fraction III of water and dialyzed during 1 to 2 hours in 
the cold with constant stirring (Fraction IV). 

Alumina (Cy) (usually 0.1 volume of a suspension containing 50 mg. of 
dry weight per ml.) was added to the liquid, and the precipitate was dis- 
carded. ‘To the supernatant fluid more alumina was added (0.2 volume), 
and the precipitate was again discarded. The supernatant solution (Frac- 
tion VI) was the best preparation obtained (Table 1). 


Results 


Properties of Enzyme—In crude extracts nearly all the activity could be 
recovered in the precipitate from adding acetic acid to pH 5. However, 
no appreciable purification was obtained by this procedure. 

Heating 10 minutes to 60° led to nearly complete destruction of the 


sti- | 

sly 
0.5 | 
pH | 
30 | 
SO- 
ites 
PG | 
ale) | 

| 
| 
=| 
ole | 
er- 
ere 
in. 
ion 
red 
nit 
em 
0°. 
er, 
er- 
Irs. 
act 


152 BIOSYNTHESIS OF SUCROSE 


wheat germ enzyme. Considerable destruction was found to take place 
on precipitation with acetone, even at low temperature. The enzyme 
could be stored for months in the frozen state without much loss of activity. 

[nhibitors—The following substances did not affect the activity: arsen- 
ate, arsenite, fluoride, iodoacetate, citrate, or pyrophosphate at 0.01 M con- 
centration; calcium, barium, or magnesium ions at 0.05 M concentration; 
phlorizin, 8-hydroxyquinoline, or ethylenediaminetetraacetate at 0.2 satu- 
ration. 

pH Optimum-——As shown in Fig. 1, the highest activity was obtained at 
pH 7.2 with 0.15 m Tris buffer. 

Substrate Concentration—The result of an experiment with different con- 
centrations of fructose is shown in Fig. 2. If the amount of sucrose formed 
is taken as a measure of rate of reaction, calculation of the Michaelis con- 
stant was 2.3 X 10-*. A 2-fold increase of UDPG concentration did not 
affect the rate of reaction. 

Specificity—No substance reacting like sucrose was found to be formed 
when UDPG was replaced by glucose-1-phosphate, fructose-1- or 6-phos- 
phate, UDP-acetylglucosamine (11), or guanosine diphosphate mannose 
(12), or when fructose was replaced by sorbose or by fructose-6-phosphate. 
However, the latter was true for only a few of the preparations obtained. 
This point will be dealt with in the following paper. 

In other tests, the disappearance of UDPG was measured by a method 
based on its activity as cogalactowaldenase (10). When fructose was 
added to the wheat germ enzyme and UDPG, the disappearance of the 
latter was increased. No increased disappearance was observed if fructose 
was replaced by p-glucose, p-galactose, D-mannose, D- or L-arabinose, 
p-ribose, or inositol. 

Reaction Product—The isolation of crystalline sucrose was not attempted, 
since it would have required considerable amounts of UDPG. However, 
the tests which have been carried out make it reasonably certain that the 
product is sucrose. 

Paper chromatography of the reaction products revealed the presence of 
a substance which gave the R, value of sucrose (Table II). This sub- 
stance was absent in controls in which the fructose or the UDPG was added 
at the end of the incubation period. The substance behaved like sucrose 
when the papers were developed with the alkaline silver (13), resorcinol 
(14), or benzidine-trichloroacetic acid reagents (15). 

In other experiments, the reaction product was isolated by paper chro- 
matography. The substance was found to have no reducing power and to 
behave like sucrose during paper chromatography. After mild acid hy- 
drolysis (5 minutes, pH 2, 100°) or after treatment with yeast invertase, 
glucose and fructose could be detected chromatographically. 

With the solvents used for paper chromatography (ethyl acetate-pyri- 
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Ace dine-water (10:5:6) (16) and butanol-acetic acid-water (17)) and with the 

me reagents used for revealing the spots, sucrose can be easily distinguished 

ty. from maltose, trehalose, lactose, and raffinose. 

TABLE II 

on; Paper Chromatography of Reaction Product 

Rxylose 

at Pyridine-ethy! acetate | Butanol-acetic acid 

Complete system. ............. | 0.82 | 0.94 | 0.32 | 0.80 
| | 0.93 | | 0.82 

ed ees | | 0.93 | | 0.83 

on- | | 0.82 | | 0.32 

| | 0.72 | | 0.20 
| 0.75 | | 

ose * Added at the end of the incubation period. 

ite, 

ed. TaBLe III 

Acid Hydrolysis of Reaction Product 

od The samples (0.18 wmole) were heated at 100° in 1 ml. of 0.1 mM glycine-hydrogen 

vas chloride buffer of pH 2.25. Samples of sucrose were run at the same time under 
identical conditions. The reducing power was measured with ferrievanide (23). 

the Results in per cent hydrolysis. 

OSC : 

se, Time 

yer, Sucrose......... | 36 70 82 

the Reaction product. ............... 32 73 85 

val The rate of acid hydrolysis of a known sample of sucrose was compared 


we under identical conditions with a sample of the reaction product; both 
at | substances hydrolyzed at the same rate (Table ITI). 
Reversibility—In order to detect the reversibility, the back-reaction was 


or investigated by starting with 5 umoles of sucrose, 2 umoles of UDP, and 

enzyme. ‘The mixture was deproteinized with trichloroacetic acid, and, 
rit after extracting the latter with ether, the samples were chromatographed 
to on paper with an ethanol-ammonium acetate solvent of pH 7.5 (18) con- 
be taining 0.01 m ethylenediaminetetraacetate. A spot having the same 
wc mobility as UDPG was visible under ultraviolet light. After extraction 


of the substance from the paper, UDPG was estimated by its cogalactowal- 
denase activity and absorption at 260 my. The amount obtained was 


4 
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about 0.05 pmole. Control samples in which one of the reactants was 
omitted during the incubation gave no UDPG spot or cogalactowaldenase 
activity. 

Many attempts to obtain a precise figure for the equilibrium constant 
were carried out by starting with known mixtures of reactants and prod- 
ucts. The reducing power or the sucrose content of the samples was 
measured before and after enzyme action. A small correction had to be 
applied, owing to the liberation of reducing power from sucrose, which 
occurred even with the most purified enzyme preparations. Many experi- 
ments were carried out in this manner, but the results were not consistent 
and the value for KA = (sucrose XK UDP)/(UDPG X fructose) varied 
from 2 to 8 at 37° and pH 7.4 in different experiments. 

Distribution—The detection of the enzyme in some plant tissues is dif- 
ficult, owing to the presence of sucrase. However, it has been possible 
to obtain extracts from many sources which catalyze the formation of 
sucrose, and in general seeds were the best materials for the preparation of 
the enzyme. Quantitative measurements were carried out with some ex- 
tracts, and the results were as follows (in micromoles of sucrose formed in 
30 minutes per mg. of protein): beet shoots 0.6 to 1.0, sweet. sorghum shoots 
0.7 to 4.0, sugar cane shoots 0.25, sugar cane roots 2.4 to 3.0, pea shoots 
0.35. Qualitative tests for the enzyme were positive with the following 
materials: pea, pine, and fenugreek seeds, corn germ, potato sprouts, and 
barley shoots. Negative or non-reproducible results which may be at- 
tributed to interfering enzymes were obtained with sugar beet and cane 
sugar leaves and with beet roots. 


DISCUSSION 


The equilibrium constant of the sucrose phosphorylase reaction has been 
found to be 0.053 at pH 6.6 and 30° (4). This displacement in favor of 
the monosaccharides makes the enzyme appropriate for the utilization of 
sucrose, and this is probably its main function in P. saccharophila. In 
contrast, the equilibrium of the reaction starting with UDPG and fructose 
is in favor of sucrose synthesis. Accurate values have not been obtained, 
but the AF’® at 37° can be estimated to be about —1000 as compared to 
+1770 for sucrose phosphorylase. 

The enzyme has been found in many plant materials, and hence we may 
conclude that it catalyzes a reaction which is fairly general in the plant 
kingdom. Thus, the enzyme is probably involved in the formation of 
sucrose by pea extracts detected by Turner (19). However, the synthesis 
of sucrose from fructose and UDPG is not the only pathway in plants since, 
as reported in the following paper, another enzyme catalyzes the synthesis 
of sucrose phosphate from fructose-6-phosphate and UDPG, and the re- 
action product can be transformed into sucrose by phosphatase action. 
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According to modern nomenclature (20), the enzyme might be named 
UDPG-fructose transglycosylase. Following the suggestion of von Euler 
(21) that enzymes might receive the name of the substrates which they 
synthesize, with the ending changed to ese, another possible name is sac- 
charese. This shorter alternative is used currently in this laboratory. 


SUMMARY 
A wheat germ enzyme which catalyzes the reaction 


UDPG + fructose — sucrose + UDP 


has been studied. 

Methods for its estimation and purification are described, as well as the 
conditions for its maximal activity. The equilibrium of the reaction was 
found to be displaced in favor of sucrose synthesis, the value of K being 
about 5 at 37° and pH 7.4. The enzyme was detected in several plant 
tissues. 
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THE BIOSYNTHESIS OF SUCROSE PHOSPHATE* 


By LUIS F. LELOIR anp C. E. CARDINI 


(From the Instituto de Investigaciones Bioquimicas, Fundacién Campomar,t 
Buenos Aires, Argentina) 


(Received for publication, October 18, 1954) 


The enzymic formation of sucrose from UDPG! and fructose has been 
described in the preceding paper (1). While some preparations of the en- 
zyme were found to be almost devoid of action of fructose-6-phosphate, 
other extracts catalyzed the formation of free sucrose either from fructose 
or from its phosphate. Since these extracts contain phosphatase, it seemed 
likely that the action on fructose phosphate was the sum of Reaction 1 
plus Reaction 2. 


Fructose-6-phosphate + H.O — fructose + inorganic phosphate (1) 
| UDPG + fructose = sucrose + UDP (2) 


However, further work has shown that it is possible to obtain enzyme 
preparations which catalyze Reaction 3. 


UDPG + fructose-6-phosphate — sucrose phosphate + UDP (3) 
Phosphatase acts on sucrose phosphate according to Reaction 4. 
Sucrose phosphate — sucrose + phosphate (4) 


Crude extracts of wheat germ catalyze all four reactions, and it has not 
been possible to obtain a complete separation of the enzymes. Neverthe- 
less, with some of the preparations the rate of Reaction 3 was 2 or 3 times 
faster than that of Reaction 2, and sucrose phosphate has been obtained 
in amounts which have allowed the determination of its structure with 
reasonable certainty. 


Methods 


Preparation of E’nzyme——The method of separation of the enzymes acting 
on fructose and on fructose phosphate was based on the observation that 
the fructose phosphate enzyme has a greater tendency to become insoluble 


* This investigation was supported in part by a research grant (No. G-3442) 
from the National Institutes of Health, United States Public Health Service, and 
by the Rockefeller Foundation. 

t J. Alvarez 1719. 

1 The following abbreviations are used: UDP for uridine diphosphate, UDPG 
for uridine diphosphate glucose, Tris for tris(hydroxymethyl)aminomethane, and 
TPN for triphosphopyridine nucleotide. 
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when dialyzed against water. The procedure described in the preceding 


paper was used, but with some changes. The mixing with a blender was- 


omitted, thus making centrifugation at high speed unnecessary, as well as 
the first dialysis. ‘The wheat germ, 100 gm., was suspended in 300 ml. of 
0.05 m phosphate buffer of pH 7.1 and left standing at 5° during | hour. 
The paste was centrifuged 15 minutes at 3000 r.p.m. Without dialyzing, 
the supernatant fluid was treated with ammonium sulfate, manganous chlo- 
ride, and ammonium sulfate again, as previously described. The precipi- 
tate obtained in the second ammonium sulfate treatment (Fraction IV) 
was dissolved in the smallest possible amount of water and dialyzed over- 
night at 5° against several changes of distilled water. The precipitate was 


TABLE I 
Purification of Enzyme 


The activity is expressed in micromoles of total sucrose (free plus esterified) 
formed in 30 minutes per mg. of protein under the conditions described in the text. 


Activity on 

A 

Preparation Protein = 

Fructose B 

(A) (B) 
mg. per ml. 

1.16 0.20 5.8 
1. 0.05 mM (NH,)2SO, extract 40 0.70 0.65* 1.06 
22 0.50 0 .90T 0.55 


* and ¢ 65 and 82 per cent, respectively, of the total sucrose formed was esterified. 


separated by centrifugation and washed three to four times by suspending 
in 1 ml. of distilled water and centrifuging. ‘The precipitate was then ex- 
tracted successively with 2 ml. of 0.05 mM and 0.1 M ammonium sulfate. 
The pooled extracts were dialyzed overnight. ‘The precipitate was washed 
and extracted successively with 2 ml. of ammonium sulfate at the concen- 
trations shown in ‘Table (Preparations | tod). some cases, the precipr 
tation by dialysis and extraction had to be repeated in order to obtain a 
preparation with a low content phosphatase and UDPC fructose 
transglycosylase. 

Analytical Sucrose phosphate was estimated as deseribed by Cardin 
etal. (1) with a sucrose standard, In order to distinguish sucrose from its 
phosphate, the samples were analyzed with and without precipitation with 
the zine sulfate-barium hydroxide reagent (2). The Fiske and Subbarow 
(3) method was used for the estimation of phosphate. 
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Fructose-6-phosphate was estimated by using a preparation of glucose- 
phosphate dehydrogenase (4), which also contained phosphohexose iso- 
merase. 

Substrates—Fructose-6-phosphate was a commercial sample. <A syn- 
thetic sucrose phosphate was prepared by direct phosphorylation of sucrose 
as described by Neuberg and Pollak (5). 

Fructose-1-phosphate was synthesized according to Raymond and Le- 
vene (6). 


T T T T T 
O 0.06F- 
O 
~ 
0.04+ 
ep) 
WJ al 
an 
oO q 
= 0.02F+ 
O 
q O 0.00I (s} 
= 

O4 0.8 1.2 16 20 


MICROMOLES OF FRUCTOSE-6-PHOSPHATE 


hia. 1. Influence of fructose-6-phosphate concentration. System as deseribed 
in the text. The amount of purified enzyme corresponds to 0.05 mg. of protein. 
Fructose-6-phosphate concentration as indicated. Incubated 30 minutes at 37°. 
Section at right, a Lineweaver-Burk (18) plot. A, = 2.2 * 10°4. 


K’stimation of Enzyme—The procedure was as described in the previous 
paper, but the pH of the buffer was 6.4 and fructose-6-phosphate was used 
instead of fructose. 


Results 


Properties of A comparison of “sucrose” formation from. free 
fructose and fructose -G-phosphate with different: preparations of the en- 
zyme has shown that the ratio of activities can vary from 5.8 to 0.33 (Table 
1), and this is considered proof that two different enzymes are involved, 
Iiven the best preparations still contained some phosphatase, and hence 
the reaction product was usually a mixture of suerose phosphate and free 
sucrose, This contamination decreased considerably the yield of sucrose 
phosphate, thus rendering the isolation more difficult. The substitution 
of fructose-l-phosphate for fruectose-6-phosphate as a substrate for the en- 
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zyme led to a great decrease in the yield of “sucrose,” most of which was 
free. Nevertheless, there was a small amount which appeared to be ester- 
ified, but this point could not be clarified because the sample of fructose- 
1-phosphate contained a small amount of the 6 ester and because of the 
presence of phosphatase. This point will have to be investigated further. 

The effect of changing the concentration of fructose-6-phosphate is seen 


in Fig. 1. Calculation of the apparent Michaelis constant gave a value of 
2.2 < 10-3. Fig. 2 shows the influence of changing the pH. The optimum 
was at pH 644. 
w O15 
Oo < 
0.10} 
za 
= oost 4 
L L L L 1 i 
5 6 7 8 = 
pH 


Fig. 2. pH optimum curve. System as described in the text with Tris or ace- 
tute buffer at 0.15 m final concentration. Ineubated 60 minutes at 37°. The pH 
was determined on aliquots with a glass electrode. 


[solation of Reaction Product—After many preliminary trials with paper 
chromatography and electrophoresis, the separation of the reaction product 
was carried out by anion exchange chromatography. The method of 
Khym and Cohn (7) with slight modifications was used. The effluents 
were analyzed by the resorcinol method (8), with and without previous 
alkaline treatment, and by ultraviolet absorption at 260 my. The pro- 
cedure was as follows: The reaction mixture was prepared by mixing 160 
umoles of UDPG, 500 uwmoles of fructose-6-phosphate, and 8 ml. of en- 
zyme (total volume, 40 ml.) and incubating | hour at 37°. The proteins 
were coagulated by heating and filtered. The solution was passed through 
Dowex 50 and neutralized with ammonia. It contained 40° pmoles of 
“sucrose phosphate’ in 155 ml. ‘This was pereolated into a column of 
Dowex bin the chloride form (1.15 sq. em. * 12 em.), followed by 300 
ml, of 0.001 M ammonia, All the organic phosphate was retamed in the 
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column. Gradient elution was carried out with an apparatus similar to 
that described by Alm, Williams, and Tiselius (9) by adding 0.03 m ammo- 
nium chloride to a 500 ml. mixing chamber filled with a solution containing 
0.025 M ammonium chloride and 0.01 mM sodium borate. Free sucrose and 
some ultraviolet-absorbing substances emerged first, and, after 450 ml. had 
passed through the column, “sucrose phosphate”? began to emerge and was 
collected in 315 ml.  Fructose-6-phosphate was retained even after several 
liters of this solvent had been passed through the column. The tubes 
containing “sucrose phosphate” were pooled, and the solution was passed 
through Dowex 50, neutralized with ammonia, and evaporated to dryness 
under vacuum. ‘The borate was then removed by 3-fold addition of meth- 
anol and vacuum distillation. The product was dissolved in water, passed 
through Dowex 50, and neutralized with calcium carbonate. After filter- 
ing, the liquid was evaporated to dryness. Extraction with 95 per cent 
ethanol removed the calcium chloride, leaving the calcium salt of ‘“‘sucrose 
phosphate.’”” The latter was dissolved in 1 ml. of water, clarified by cen- 
trifugation, and precipitated with 6 volumes of ethanol, washed with eth- 
anol, and dried. About 17 mg. of a white powder were obtained. The 
“organic phosphate”’ content was 1.4 uwmoles per mg. (theoretical for the 
anhydrous Ca salt = 2.44). The fructose-phosphate ratio was 0.90. 

Properties of Reaction Product—The product obtained was found to have 
no reducing power or ultraviolet absorption at 260 mu. The estimation 
of fructose by Roe’s (8) resorcinol method corresponded to 90 per cent of 
the organic phosphate. It is known that fructose esters give less color 
than free fructose; thus Lutwak and Sacks (10) obtained values as low as 
58 per cent for fructose-6-phosphate and 87 per cent for fructose diphos- 
phate, and there is always some uncertainty in respect to the purity of the 
samples. 

The substance is stable to alkali. Thus, no phosphate was liberated by 
heating in 0.5 N alkali during 30 minutes, in contrast to fructose phosphates 
(Table I1). The fructose content estimated by the resorcinol method did 
not change after heating 10 minutes in 0.2 N alkali during 10 minutes. 
The rate of removal of the phosphate group by | N acid at 100° is similar 
to that of fructose-6-phosphate and clearly different from that of fructose- 
l-phosphate and of synthetic sucrose phosphate, which is a mixture of 
isomers (Table IT). 

The appearance of reducing power during acid hydrolysis was measured 
(hig. 3). Under those conditions, sucrose was hydrolyzed about 5 times 
faster than the “reaction product.” The “reaction product’ does not 
reduce TPN when incubated with glucose dehydrogenase plus isomerase 
(Table TID). Towever, reduction of TPN takes place with the product 
of hydrolysis, 
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The results of experiments by paper chromatography (Table 1V) may 6-pl 


be summarized as follows: Mild acid hydrolysis gives a glucose spot and a met 
TABLE II 
Acid and Alkaline Hydrolysis 
The results represent the per cent of organic phosphate liberated. Alkaline T 
hydrolysis was carried out with sodium hydroxide in silver test-tubes. bica 
1 N sulfuric acid 0.5 alkali 
Heating at 100° 
10 min.| 20 min.| 30 min.| 60 min.| 15 min.| 30 min. Fruc 
Fructose-l-phosphate.... | | 77 | 87 | 100 92 | 100 Rea 
Fructose-6-phosphate... 13 | 22 76 78 
Reaction product.......... 10 | 25 0 0 
Synthetic sucrose phosphate... | 42 | 52 0 0 
SUCROSE 
“—~ k =0.018 
ra) K = 0.0036 
x 
40 = — 
"REACTION 
PRODUCT 
a Rea 
WwW 
a 
20 40 60 80 100 
MINUTES 
Fic. 3. Acid hydrolysis of reaction product. The curves represent the the- Suer 
oretical values calculated for a first order reaction (logio and minutes). The points ‘ 
correspond to the results obtained by incubating 0.15 umole of substance at 37° Fruc 
in 0.9 N hydrochloric acid. After the specified time, the samples were neutralized Glue 
and the reducing power was measured by the ferricyanide method (19). Samples Fruc 
which were heated 4 minutes at 100° in 0.9 “ acid were considered to give the value ne 
for 100 per cent hydrolysis. * 
phosphoric ester spot, but no free fructose. Treatment with kidney phos- (12) 
phatase or with a crude extract of wheat germ in the presence of Mgt+ Abc 
results in a substance migrating like sucrose. Hydrolysis of this “sucrose” —_ wit! 
with acid or with yeast invertase gives glucose and fructose. Other experi- of t 
ments showed that the “reaction product”? can be separated from fructose- sub: 
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6-phosphate by paper chromatography with several solvents. Thus, with 
methanol-formic acid (11) or with ethanol ammonium acetate of pH 3.8 


TaBLe III 
Reduction of TPN by Reaction Product after Hydrolysis 


The substances were mixed with 0.15 umole of TPN, 0.4 ml. of | per cent sodium 
bicarbonate, 3 mg. of Zwischenferment, and water to 2.5 ml. The TPN reduced 
was calculated from the increase in absorbancy at 340 mp. Results in micromoles. 


Substance | TPN reduced 
Fructose-6-phosphate...................... | 0.08 | 0.07 1.14 
Fructose-1-phosphate.......................| 0.004 | 0.13 0.03 
| 0.068 0.074 0.92 


* Calculated from the organic phosphate content. 
t Heated 5 minutes at 100° in 0.1 N acid. 


TABLE IV 
Paper Chromatography of Reaction Product 
Solvent, -butanol-pyridine-water, 6:4:1.5. Benzidine-trichloroacetic acid re- 
agent (20) as developer. 


| Experiment | Experiment | Experiment 
| Il Ill 
+ acid hydrolysis*....... | 0.1,0.75 
+ kidney phosphatase... 0.56 0.59 
+ crude wheat germ...... | 0.55 
+ kidney phosphatase 
“4 invertase. | 0.76, 0.85 
| | 0.75 | 0.75 
Fructose-6-phosphate. 0.04 | 


* Heated 5 minutes in 0.1 acid at 100°. 


(12), it migrates at about 75 per cent the rate of fructose-6-phosphate. 
About the same separation could be obtained by paper electrophoresis 
with borate buffer (13). These procedures were not used for the isolation 
of the substance because there was overlapping with ultraviolet-absorbing 


substances. 
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The reaction product was found to remain unaffected after treatment 
with yeast or honey invertase. The latter finding was unexpected, since 
honey invertase (14) is believed to be specific for the glucose moiety of 
the substrate. 


DISCUSSION 


It can be concluded that the reaction product is sucrose with a phos- 
phate group at position 6 of the fructose moiety, because dephosphoryla- 
tion with phosphatase produces a substance behaving like sucrose, and 
mild acid hydrolysis gives free glucose and a fructose ester which behaves 
like fructose-6-phosphate when treated with acid or with isomerase plus 
glucose dehydrogenase. However, it should be pointed out that the sam- 
ples obtained were only about 60 per cent pure, as judged by the phosphate 
content of the calcium salt. Further purification was not attempted be- 
cause only small amounts were available. A point of interest is that 
sucrose phosphate is more stable to acid than is free sucrose. Thus, the 
ratio of the hydrolysis constants for the glycosidic links, (K for sucrose)/(K 
for sucrose phosphate), is 5 in 0.9 N acid at 100°. It was found previously 
(15) that the ratio of the hydrolysis constants of the phosphate in position 
1,(K for glucose-1-phosphate)/(K for glucose-1 ,6-diphosphate), is 4 in 
0.25 n acid at 37°. In both cases, the phosphate group at position 6 stabi- 
lizes the substituents at the other end of the molecule. 

The sucrose phosphate detected by Buchanan (16) was believed to yield 
fructose-1-phosphate by hydrolysis, and hence it would be different from 
the product described in this paper. 

A study of the distribution of the two enzymes which lead to the synthe- 
sis of sucrose would be of interest for plant physiology, but is difficult to 
carry out, owing to the presence of interfering enzymes (phosphatase and 
sucrase). Studies on green leaves with labeled substrates (17) have shown 
that the labels are introduced into both halves of sucrose before appearing 
in the free monosaccharides. This would prove that free fructose is not 
involved directly in the synthesis, were it not for the fact that the same 
experiments demonstrated that most of the sugars in leaves are stored in 
a metabolically inert compartment. Thus the introduction of the label 
in free fructose at the site of synthesis might have been faster than it 
appeared to be in these experiments. 


SUMMARY 


A wheat germ enzyme which catalyzes the following reaction has been 


studied : 
UDPG + fructose-6-phosphate —- UDP + sucrose phosphate 


gr 
dr 
| to 
| 4 
2. 
a. 
| 4. 
5. 
6. 
7. 
10. 
ll. 
13. 
14. 
15. 
| 16. 
17. 
| 18. 
19, 
«6.20. 


| 


L. F. LELOIR AND C. E. CARDINI 165 


It is concluded that the reaction product is sucrose with a phosphate 


group at position 6 of the fructose moiety, because dephosphorylation with 
phosphatase yields a substance behaving like sucrose and mild acid hy- 
drolysis gives free glucose and a fructose ester which behaves like fructose- 
6-phosphate when treated with acid or with isomerase, glucose dehydro- 
genase, and TPN. 


The glycosidic linkage of sucrose phosphate was found to be more stable 


to acid than was that of sucrose. 
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THE INFLUENCE OF HORMONAL FACTORS AND 
OF DIKT UPON HEPATIC GLUCOSE-6- 
PHOSPHATASE ACTIVITY* 


By ROBERT G. LANGDON ann DAVID R. WEAKLEY 


(From the Department of Physiological Chemistry, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, October 22, 1954) 


It is well known that the hepatic utilization of glucose is impaired in 
alloxan diabetes, and evidence exists which suggests that in diabetes the 
conversion of glucose to glucose-6-phosphate is impaired (1). It has been 
suggested that the enzyme hexokinase is less active in the diabetic animal 
(2). 

The presence in liver of a specific glucose-6-phosphatase has been dem- 
onstrated by Swanson (3) and by de Duve and coworkers (4, 5). Pre- 
sumably this enzyme is responsible for contributing free glucose to the 
blood from the liver glycogen pool and from other precursors of glucose-6- 
phosphate. Since the net rate of formation of glucose-6-phosphate depends 
upon the relative velocities of the hexokinase and glucose-6-phosphatase 
reactions, it appeared possible that an increased activity of glucose-6- 
phosphatase in the liver might be responsible for decreased net utilization 
of glucose by this tissue, even if the hexokinase reaction were functioning 
normally. In this paper is presented evidence that there is greatly in- 
creased activity of glucose-6-phosphatase in the livers of alloxan-diabetic 
rats, and that this increased activity appears to be related rather specifi- 
cally to the diabetic state. 


EXPERIMENTAL 


Young male rats of the Sprague-Dawley strain weighing 75 to 200 gm. 
were used as experimental animals in all the experiments. They were 
maintained on a diet of Rockland rat pellets fed ad libitum, except during 
periods of experimental fasting. Alloxan diabetes was induced by the in- 
travenous injection of 50 mg. of alloxan monohydrate per kilo of body 
weight. 1 to 7 weeks later animals having blood glucose concentrations (6) 
in excess of 200 mg. per cent were sacrificed, and their livers were assayed 
for glucose-6-phosphatase activity. : 

Quantitative assay for glucose-6-phosphatase activity was carried out 
as follows. Weighed portions of the livers from both normal and treated 
animals were homogenized in exactly 3 volumes of 0.25 M sucrose in a 


* Aided by a research grant from the National Heart Institute, United States 
Public Health Service. 
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glass Potter-Elvehjem homogenizer tube witha Teflon pestle. The homog- 
enates were then fractionated into their subcellular components by dif- 
ferential centrifugation (7). The supernatant layer remaining after cen- 
trifugation at 600 x g for 10 minutes is referred to as S; fraction; the 
particles not sedimented in 20 minutes at 10,000 * g, but sedimented in 20 
minutes at 100,000 g, are designated as the ‘“‘microsomal fraction.”” Low 
and medium speed centrifugations were carried out in a Servall SS-1LA 
centrifuge, while high speed centrifugations were performed in a Spinco 
preparative ultracentrifuge, model L. All operations were carried out at 
0°. The liver fractions were assayed for glucose-6-phosphatase activity by 
incubation in 0.08 m citrate buffer, pH 6.5, containing 0.02 m glucose-6- 
phosphate, for 30 minutes at 30.5°. The assay conditions were so arranged 
that zero order kinetics were obtained. The reaction was terminated by 
the addition of an equal volume of 10 per cent trichloroacetic acid, and the 
inorganic phosphorus which had been liberated by enzymatic hydrolysis 
was determined by the method of Gomori (8). The values obtained are 
expressed in two ways in Tables I to IV. The specific activity of each 
enzyme preparation is expressed as micromoles of organic phosphorus hy- 
drolyzed per minute by the enzyme derived from 1 gm. of liver. In order 
to compensate for fluctuations in hepatic weight and for the use of animals 
of varying body weight, in the columns labeled “Total activity” the spe- 
cific activity of the enzyme has been multiplied by the weight of the whole 
liver, divided by the body weight of the animal, and multiplied by 100. 
This calculation normalized values to give the total hepatic glue ose-G- 
phosphatase activity per 100 gm. animal. 

The source of materials used was as follows. Barium glucose-6-phos- 
phate heptahydrate was obtained from the Sigma Chemical Company; it 
was converted to the sodium salt prior to use. Cortisone acetate was a 
commercial product of Merck and Company. Lipo-adrenal cortex in cot- 
tonseed oil was a product of The Upjohn Company. Protamine zine in- 
sulin was a commercial preparation of FE. R. Squibb and Sons. Crystallized 
pituitary growth hormone was a generous gift of Dr. Albert Lehninger. 


Results 


In Table I are presented data showing the concentration and intracellular 
distribution of glucose-6-phosphatase activity in normal rat liver prepara- 
tions. It can be seen that the average rate of hydrolysis of glucose-6- 
phosphate by the normal liver homogenate is 5.1 wmoles per minute per gm. 
of wet weight of liver or 23.4 ymoles per minute per 100 gm. of total body 
weight. Approximately 65 per cent of this activity accompanies the mi- 
crosomal fraction, which is in accord with the earlier findings of de Duve 
and Beaufays (4) on the intracellular localization of this enzyme. 
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The glucose-6-phosphatase activities observed in preparations from the 
livers of alloxan-diabetic rats are shown in Table II. It is seen that the 
average activity of these preparations, both per gm. of liver and per 100 
gm. animal, is more than double the corresponding values found for normal 


I 
Glucose -6- phosphatase Activity in Livers of Normal Rats 
Fraction S; | Microsomal fraction 
Experiment No. | 
Specific activity Total activity Specific activity | Total activity 
] 4.2 18.1 2.9 12.6 
2 4.8 23.6 3.4 16.5 
3 4.3 22.0 2.9 14.8 
4 5.8 25.2 | 3.5 15.5 
5 5.6 24.8 | 2.8 12.6 
6 4.9 20.0 | 3.5 14.2 
7 | 23.9 15.8 
8 «6.1 | 29.4 | 3.9 19.4 
i) | | 3.4 12.3 
10 3.6 12.3 
1] | 3.6 14.5 
12 11.6 
13 | 3.5 14.5 
l4 3.4 14.2 
15 4.1 15.5 
16 2.8 12.2 
Average + s.d.*... 5.1 + 0.6 23.44 3.2 3.4 4 0.4 | 14.3 + 2.0 


The preparation of the S; fraction and the ‘‘microsomal fraction’’ is described in 
the text. Specific activity is in micromoles of phosphorus liberated from glucose- 
6-phosphate per minute by the enzyme derived from 1 gm. of rat liver. The total 
activity represents the specific activity multiplied by the total weight of liver di- 
vided by the body weight of animal multiplied by 100. 

* Standard deviation. 


animals. There is no overlapping of values between normal and diabetic 
animals. 

Since a large and reproducible increase in glucose-6-phosphatase activity 
was found in the diabetic liver, it became of interest to determine whether 
or not administration of insulin would reverse this effect. In Table III 
it is seen that the administration of insulin to diabetic rats 12 hours prior 
to sacrifice resulted in a return of the specific activity values to essentially 
normal levels and produced a significant lowering of the total activity val- 
ues. 

It also seemed desirable to determine whether an increased glucose-6- 
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phosphatase activity in the diabetic liver was specifically related to the 
diabetic state or whether an increased activity could be induced by other 


Taste II 
Glucose-6-phosphatase Activity in Livers of Diabetic Rats 
Fraction S; Microsomal fraction 
Experiment No. B 
| Specific activity Total activity Specific activity Total activity 
mg. per 
cent 
1 (12.5 46.8 6.7 25.8 325 
2 (12.0 60.1 9.2 46.5 200) 
3 11.3 52.6 —67.6 35.2 517 
4 oie 47.8 6.5 28.1 475 
5 14.2 72.3 9.0 45.5 445 
6 11.2 55.2 770 
Average + 8.d...... 12.124 1.1 5.82 7.6 7.82 1.1 36.2 + 8.6 
Normal average 


B443.2 34204 HS 2.0 


* Average values from Table I. 


Ill 


Effect of Insulin Administration® on Glucose-4-phosphatase Activity in Livers of 
Diabetic Rats 


Fraction S; 
Experiment No. Blood glucose! 
Specific activity Total activity 


meg. per cent 


| 38.4 | 435 


7 4.2 | 
5.6 20.9 530 
5.4 20.9 725 
10 6.8 38.1 665 
Average + s.d...... 5.5 + 0.9 34.1 4 4.3 
Normal averaget + s.d... 5.1 + 0.6 23.4 + 3.2 


* 200 units of protamine zine insulin per kilo administered subcutaneously 12 
hours prior to sacrifice. 

t Blood glucose concentrations 3 days prior to insulin injection. 

t Average values from Table I. 


means. Since fasting (9), administration of adrenal cortical hormones (10), 
and treatment with pituitary growth hormone (11) have each been reported 
to produce in animals biochemical symptoms resembling those of diabetes, 
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the effect of these factors on hepatic glucose-6-phosphatase activity was de- 
termined. The results of these studies are shown in Table IV. It can be 
seen that, although fasting of normal rats for 18 to 24 hours results in an 


TABLE IV 


Effects of Fasting, Adrenal Cortical Hormones, and Pituitary Growth Hormone on 
Hepatic Glucose-6-phosphatase Activity 


Experi- | Fraction Si Microsomal fraction 
Ne Specitic activity, Total activity Specific activity! Total activity 
Fasted* | 5.5 20.3 
4.7 13.9 
a | 5.1 13.2 
| 4 8.6 34.5 
158 21.9 
| 6 8.3 33.5 
| 7.6 5.1 15.8 
Cortisonet l | | 4.5 16.1 
2 | 4.9 19.3 
3 | 4.2 16.5 
4 3.7 13.5 
5 4.8 17.4 
Average + s.d............. 4.44 0.4 | 16.6 + 1.9 
Lipo-adrenal cortext. | | 4.7 23.8 3.8 19.4 
| 2 5.3 27.1 4.0 21.0 
3 5.3 21.9 3.7 15.5 
4 6.1 26.8 4.6 20.0 
5 5.9 | 28.1 3.6 17.4 
6 | 5.5 28.4 3.4 17.4 
Average + s.d.. 5540.5 260+ 24/394 04) 18.54 1.9 
Growth hormone§ | 22.9 | | 
| 2 | 5.2 27.4 | 
Normal average + s.d..... 5.1 40.6 23.44 3.2 3.4404) 14.3 + 2.0 


* Fasted for 18 to 24 hours preceding sacrifice. 

t Cortisone acetate administered intramuscularly daily, 100 mg. per kilo per day 
for 4 days. 

t Administered intramuscularly, 5 ml. per kilo, 18 hours prior to sacrifice. 

§ Administered intraperitoneally in a single dose, 10 mg. per kilo, 18 hours prior 


to sacrifice. 
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average increase of approximately 50 per cent in specific activities, it pro- 
duces a less significant change in total activities. 

The administration of either cortisone or adrenal cortical extract pro- 
duced modest, unimpressive increases in hepatic glucose-6-phosphatase 
activities, as shown in Table IV. In two instances, the administration of 
pituitary growth hormone had no significant effect upon the enzymatic ac- 
tivity. 


DISCUSSION 


From the results in Table II, it is apparent that alloxan diabetes in the 
rat is accompanied by a more than 2-fold increase in hepatic glucose-6-phos- 
phatase activity. This is manifested as both an increased tissue concen- 
tration of the enzyme and an increased total activity of the enzyme per 
standard animal. Further, increased activity is observed both in whole 
liver homogenates and in the microsomal fraction of liver. 

That the observed increase in total glucose-6-phosphatase activity in the 
diabetic liver has some degree of specificity is shown by the fact that several 
factors which are known to produce metabolic alterations similar to those 
seen in the diabetic state have relatively little effect upon the total glucose- 
6-phosphatase activity. For example, cortisone administration has been 
shown by Welt and coworkers to result in a 7-fold increase in the production 
of glucose from non-carbohydrate precursors (10). However, neither cor- 
tisone in large doses nor crude adrenal cortical extract causes an increase in 
glucose-6-phosphatase activity comparable to that observed in the diabetic 
animal. Fasting is known to initiate increased hepatic production of ke- 
tone bodies and to impair lipogenesis (9) as does diabetes (12). However, 
while the fasted animal shows a 50 per cent increase in the concentration of 
glucose-6-phosphatase in the liver, the increase in total activity per 100 gm. 
rat is less than one-third that observed in the diabetic animal. Finally, 
the injection of pituitary growth hormone was without effect upon either 
the specific activity or total activity of hepatic glucose-6-phosphatase. 

While this manuscript was in preparation, Ashmore et al. (13) published 
the results of experiments which also indicated that glucose-6-phosphatase 
activity is increased in the livers of diabetic animals, and that this enzy- 
matic activity was decreased when insulin was administered over rather 
prolonged periods. Although a different strain of animals was used in 
our experiments, the results are essentially in agreement with those of 
Ashmore and coworkers. In addition, we have determined the effects of 
other hormonal factors upon hepatic glucose-6-phosphatase activity. 

That changes in the concentration of liver enzymes in the diabetic ani- 
mal may not be limited to glucose-6-phosphatase would seem to be indi- 
cated by the results of Copenhaver ef al. (14). These investigators have 
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reported that in diabetic liver there is also a 2-fold increase in the specific 
activity of the glutamic-aspartic transaminase system. Although it is dif- 
ficult to decide from the data presented by these authors whether the in- 
creased specific activity observed was due to an increased total quantity of 
enzyme in a liver of normal size or whether it was related to a normal quan- 
tity of enzyme concentrated in a shrunken liver, the former possibility ap- 
pears the more likely. 

It is not clear whether the increased activity of glucose-6-phosphatase 
in the diabetic animal is due to an increased total quantity of otherwise 
fully “activated” enzyme or whether it is the result of an activation or 
“unmasking”’ process. However, we have recently obtained results which 
may bear on this point. Glucose-6-phosphatase in the native state is an 
enzyme tightly associated with the insoluble microsomal particles. We 
have succeeded in preparing soluble glucose-6-phosphatase from normal 
liver microsomes;' during the initial step in this procedure a large increase 
in total activity occurred. It is thus apparent that, in the normal animal, 
a considerable portion of the activity may be ‘“‘masked.”’ It is possible 
that glucose-6-phosphatase is more fully activated in the diabetic liver; 
this possibility is now being explored. 

It is of course not revealed by these experiments whether the activity of 
hepatic glucose-6-phosphatase is the direct site of action of insulin. How- 
ever, the fact that insulin administration lowered the activity of the enzyme 
to nearly normal values within 12 hours would seem to indicate that this is 
a possibility which must be seriously entertained. Although preliminary 
attempts to demonstrate an inhibitory action of insulin on glucose-6-phos- 
phatase in vitro have been unsuccessful, further work along this line is now 
in progress. 

The possible physiological significance of an increased activity of glucose- 
6-phosphatase in the liver is readily apparent. Since this enzyme in effect 
drains off the product of the hexokinase reaction, an increased activity 
could lead to decreased glucose utilization, even if hexokinase activity in 
liver is unaltered. Assuming that the enzyme acts at the same rate in 
vivo as it does in vitro, it can be calculated that in the liver of the normal 
100 gm. rat approximately 6 gm. (33 mmoles) of glucose could be formed 
from glucose-6-phosphate in 24 hours. In the liver of a comparable dia- 
betic animal, approximately 15 gm. (81 mmoles) of glucose could be formed 
from glucose-6-phosphate daily. This order of activity would seem to be 
of sufficient magnitude to suggest that the enzyme may well be at least 
partially responsible for a decreased hepatic utilization of glucose in the 
diabetic animal. 


'D. R. Weakley and R. G. Langdon, to be published. 
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SUMMARY 


1. Dietary and hormonal factors have been examined for their effect on 
hepatic glucose-6-phosphatase activity. 

2. Glucose-6-phosphatase activity has been found to be greatly increased 
in the liver of the alloxan-diabetie rat. Insulin in vivo decreased this ele- 
vated activity. 

3. The physiological significance and possible mechanism for these effects 
have been discussed. 
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HEMOPHILUS PARAINFLUENZAE* 


By KDWARD J. HERBST snp ELEANOR BARTLETT GLINOS 


(From the Department of Biological Chemistry, University of Maryland, 
School of Medicine, Baltimore, Maryland) 


and LAWRENCE H. AMUNDSEN 


(From the Department of Chemistry, University of Connecticut, 
Storrs, Connecticut) 


(Received for publication, October 27, 1954) 


Putrescine is an essential growth factor for Hemophilus parainfluenzae 
7901 (1, 2) and for Neisseria perflava (3). A tetramethylenediamine nu- 
cleus was believed to be the essential metabolic requirement of H. parain- 
fluenzae, since agmatine, spermine, and spermidine could replace putres- 
cine (2), but more recently | ,3-propanediamine was identified as an equally 
effective replacement for putrescine (4). Therefore, either a trimethyl- 
enediamine or tetramethylenediamine nucleus can be utilized, but both 
lower and higher homologues of these diamines, e.g., ethylenediamine and 
cadaverine, are inactive as growth factors (2). This report extends our 
knowledge of the specificity of this bacterial growth factor requirement and 
includes a survey of inhibitors of putrescine metabolism. 


EXPERIMENTAL 


Stock Culture—H. parainfluenzae, ATCC 7901, was carried by weekly 
transfers on North gelatin agar (Difco) supplemented with 0.1 per cent 
Bacto-hemoglobin and 0.0001 per cent diphosphopyridine nucleotide (DPN). 
The cultures were incubated and stored at 34°. 

Medium—The composition of the basal medium is shown in Table I. 
The complex mixture does not support any growth of the organism unless 
supplemented with putrescine (or its equivalent). 

Inoculum—A loop of growth was transferred from a 24 hour culture on 
North gelatin agar to an agar slant consisting of the medium of Table I 
supplemented with 0.01 umole per ml. of putrescine dihydrochloride and 
solidified by the addition of 1.5 per cent Bacto-agar. After 24 hours of 
incubation at 34°, a loop of growth was transferred from this agar culture 
to each of two test-tubes containing 4 ml. of basal medium supplemented 
with 0.02 umole per ml. of putrescine dihydrochloride. The tubes were 

* Supported in part by a grant from the Williams-Waterman Fund of the Research 


Corporation and in part by a grant from the Bressler Reserve Fund, University of 
Maryland, School of Medicine. 
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incubated in an inclined position for 16 hours at 34°, after which the cells 
were sedimented by centrifugation and resuspended with sufficient sterile 
M/30 phosphate buffer, pH 7.3, to permit 80 per cent transmission of in- 


TABLE I 
Composition of Basal Medium* 


Component Component 
me. per mil, | > per mil. 
Amino acids* | | Vitamins 
pi-Alanine Thiamine chloride 
pL-Aspartic acid 1 Riboflavin 0.1 
L-Glutamic acid Pyridoxine- HC] 2 
pi-Methionine 0.2 Ca pantothenate 1 
pL-Isoleucine 0.2 Niacinamide 0.5 
L-Leucine 0.1 Niacin 0.5 
pi-Threonine 0.2 Inositol 20 
pi-Serine 0.2 Choline chloride 5 
L-Proline 0.1 Biotin 0.001 
pL-Tryptophan 0.2 p-Aminobenzoic acid 0.001 
pu-Valine 0.2 Folic acid 0.01 
pL-Phenylalanine 0.2 DPN 0.25 
L-Histidine-HC1 0.1 Purines-uracil 
L-Cystine 0.1 Guanine- HCl 10 
L-Tyrosine 0.1 Adenine sulfate 10 
L-Arginine- HC] 0.2 Uracil 10 
L-Lysine- 0.2 Salts 
Glycine 0.1 Ca** (CaCl.-2H.0) | 1 
Glucose | 2 Mg** (MgSO,-7H.O) | 10 
Sodium nitrate | 1 Fet* (FeSO,-7H.0O) | 2.5 
acetate-3H | 6 | 
K.HPO, | 3.5 


* The components in italics are the separate stock solutions. The refrigerated 
stocks were combined in double strength proportions and adjusted to pH 7.8 with 
25 per cent NaOH prior to each experiment; 2 ml. quantities were distributed in 18 
xX 150 mm. Pyrex test-tubes; test materials and distilled water were added to a final 
volume of 4 ml. After autoclaving for 15 minutes at 120°, the tubes were stored 
overnight in the cold, inoculated the following morning (sterile DPN was added with 
the inoculum), and incubated in an inclined position in test-tube baskets for 48 hours 
at 34°. Growth was then estimated turbidimetrically with the Evelyn colorimeter. 


cident light (Evelyn colorimeter, 660 my filter; 18 mm. tube; M/30 phos- 
phate buffer = 100). This suspension was diluted with an equal volume 
of sterile M/30 phosphate buffer containing DPN (previously sterilized by 
filtration through a bacterial filter). 0.1 ml. of the diluted suspension was 
added to each tube of autoclaved medium. 
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Putrescine Analogues—All of the N-alkyl analogues of putrescine and the 
corresponding derivatives of 2-butene-1 ,4-diamine were synthesized in the 
chemistry department of the University of Connecticut by procedures that 
either have been published (5) or will be described elsewhere. The sources 
of other chemicals are indicated in Tables IT and III. 

Aqueous solutions of all the compounds were passed through sintered 
glass bacteriological filters and added aseptically to the sterile basal me- 
dium. 


Results 


Growth Factors—The compounds which promote the growth of H. parain- 
fluenzae when added to the basal medium are arranged in the order of 
decreasing activity in Table II. The twenty compounds, all derivatives of 
1,3-propanediamine and 1,4-butanediamine (putrescine), show only one 
other common requirement for growth factor activity; at least one of the 
two amino groups of the diamine nucleus must be unsubstituted. 

The inactivity of ethylenediamine, cadaverine, ornithine, pyrrolidine, 
4-amino-1-butanol, and 1 ,4-butanediol as growth factors (2) has been veri- 
fied at concentrations up to 0.5 umole per ml]. In addition, histamine, 
pyrrole, and L- and p-2,4-diaminobutyric acid! were inactive at this rela- 
tively high concentration. None of these compounds was toxic when sub- 
jected to the inhibitor analysis described below. 

Inhibitors—We have arbitrarily classified as inhibitors those structural 
analogues of putrescine and 1 ,3-propanediamine which inhibit growth of 
H. parainfluenzae 100 per cent in the presence of 0.028 umole per ml. of 
putrescine. Furthermore, only those compounds which were inhibitory 
when present at 10 umoles per ml. or less were so classified. In Table III 
the relative toxicity of one group of these derivatives is illustrated. Cu- 
riously, the most active growth factor (Table II), N-(3-aminopropyl)-1 ,3- 
propanediamine, also heads this list of inhibitors. The antibiotic, nocard- 
amine, isolated and characterized by Stoll and his coworkers (6), was 
included in this study although it is a derivative of the inactive compound, 
ecadaverine. Arcaine, an inhibitor of mammalian diamine oxidase (7) and 
bacterial diamine oxidase (8), was also an inhibitor in our system. How- 
ever, isoniazid and iproniazid, the antituberculosis drugs which are strong 
inhibitors of diamine oxidase (9) and the plasma amine oxidase (10), did 
not inhibit growth of 1. parainfluenzae.’ 

In Table 1V we have summarized the results of a systematic study of 
N-alky] analogues of putrescine as inhibitors of the growth of H. parain- 


1 We wish to thank Dr. Jesse P. Greenstein, National Institutes of Health, Be- 
thesda, for these isomers. 
2 J. Herbst and B. Glinos, to be published. 
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fuenzac In two instances, namely with N-n-butyl-1 ,4-butanediamine on 
and -x-propyl-1,4-butanediamine, the phenomenon of relatively high n- 
growth factor activity and concomitant high toxicity (previously cited in m 
Il 
Comparative Activity of Growth Factors for H. parainfluenzae 
Compound No.* Concentrationf 
umole per mi. 
1 0.001 
2 NH.(CH.);NH(CH.) «NH: 0.0015 
3 0.0015 
4 «NH» 0.0016 
5 0.002 
6 NH.(CH.)3NH. 0.0024 
7 0.0025 
NH.C(: NH)NH.(CH.)«NH2 0.0037 
0.004 
10 NH.CH.CH=CHCH.NH, 0.008 
11 0.009 
12 | 0.011 Ss 
13 0.014 
14 | 0.03 
15 | 0.031 
16 0.035 of 
17 CH,CH.NH(CH,) | 0.05 
18 | 0.06 
19) (CoH) 0.082 
20 0.083 
* Compounds 1, 2, and 11 were synthesized by Dr. Aldo M. Pulito, The Ames 
Laboratories, Inc., South Norwalk, Connecticut. Compounds 3 and 19 were East - 
man products, while Compounds 5 and 8 were obtained from Hoffmann-La Roche and 
Company. We wish to thank the following for generous samples: Dr. E. A. Zeller, 
Northwestern University, Chicago, Compounds 4 and 7; Dr. Charles F. Huebner, y 
Ciba Research Department, Summit, New Jersey, Compound 16; and Dr. P. G. R 
Smith, Sharples Chemicals, Inc., Compounds 6 and 18. Compounds 9, 10, 12, 13, R 
14, 15, 17, and 20 were prepared in the Chemistry Department at the University of R 
Connecticut. R 
+t Produces half maximal growth. R 
R 
the case of N-(3-aminopropyl)-1,3-propanediamine) is again observed. R 
The growth factor activity of the N-ethyl and N-methyl! analogues is high, R 
but these compounds are not inhibitors, Similarly, the N-ethyl and N- - 
methy! derivatives of 2-butene-1 ,4-diamine are non-inhibitory but can fune- 
tion as //. parainfluenzae growth factors. In general, the methyl and ethyl 
* A report of this work was presented at the April, 1952, meeting of the American 
Society of Biological Chemists (4). p 
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analogues are tolerated at higher concentrations than are the n-propyl and 
n-butyl derivatives and the N,N,N’,N’-tetra-n-butyl compounds are 
most inhibitory. 


TaBLeE III 
Compounds Inhibiting Growth of H. parainfluenzae 


Compound No.* Concentrationt 


pmoles per mil. 


0.6 
Nocardamine 1.3 
Arcaine 
N,N-Di-n-propy]-1,3-propanediamine 
| 

| N ,V-Diethyl-1,3-propanediamine | 

N,N-Dimethyl-1,3-propanediaminet 

Agmatinet 


wow 


+ 


10 


*We wish to thank Dr. A. Stoll, Pharmazeutisch-chemisches Laboratorium, 
Sandoz, Basel, for the sample of nocardamine. We thank Dr. Charles F. Huebner, 
Ciba Research Department, for Compounds 5, 8, and 9 and Dr. Thomas M. Laakso, 
Eastman Kodak Company, Rochester, New York, for Compounds 4 and 7. 

t Inhibits growth 100 per cent when tested in the presence of 0.028 umole per ml. 


of putrescine. 
t The compound has growth factor activity at low concentrations (Table IT). 


TABLE IV 


Comparison of Analogues of Putrescine As Inhibitors 


Concentration of analogue for 100 per cent inhibition 
of growth* 


R = n-butyl R = n-propyl R = ethyl | R = methyl 


pmoles per ml. umoles per mi. wmoles per ml. wmoles per ml. 


| | | | 6.5 
RNHCH.CH+=CHCH.NHR........... 3.2 | | 3.3 


* In the presence of 0.028 umole per ml. of putrescine. 

t+ The compound has growth factor activity at low concentrations (Table IT). 

Reversal of Inhibitors—Complete reversal of the inhibitors can be accom- 
plished by two procedures: (1) increasing the concentration of putrescine 
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in the medium or (2) replacing putrescine with an equimolar or lower con- 
centration of 1,3-propanediamine, spermidine, or spermine. Reversal of 
the inhibitory n-butyl series of putrescine analogues by putrescine and by 
1 ,3-propanediamine, spermidine, and spermine is illustrated in Table V. 


TABLE V 
Reversal of n-Butyl Series of Inhibitors 


| 


Concentration of reversing agent* 


Inhibitor (R = n-butyl) tion of | 
inhibitor -Putrescine Propane- Spermidine. Spermine 
| diamine 
| umoles pumoles pmoles pmole pole 
| per ml. per ml. per ml. per ml. per ml. 
RNHCH.CH=CHCH.NH>............ iat 0.28 | 0.032 | 0.017 | 0.012 
| 2.8 | 0.032 | 0.017 | 0.12 
RNHCH:.CH+=CHCH.2NHR......... | 3.2 2.8 0.32 0.17 0.12 
| 98 142 0.017 | 0.12 
s. | 0.8 | 5.0 | 2.5 
* Produces maximal growth in the presence of the inhibitor. 
1 The compound does not antagonize the inhibitor. 
TaBLeE VI 
Reversal of Increments of N,N-Di-n-butylputrescine 
Concentration of reversing agent* 
Concentration of 
inhibitor 
Putrescine 1,3-Propanediamine Spermidine 
pmoles per ml, pmoles per ml. pmoles per ml. Ma umole per ml. 
1.8 0.57 0.07 0.009 
2.5 2.3 1.0 0.017 
3.6 5.7 10.0 t 
5.0 14.0 17.0 t 


* Produces maximal growth in the presence of the inhibitor. 
t The compound does not antagonize the inhibitor. 


Relatively high concentrations of putrescine, sometimes in excess of the 
inhibitor concentration, were required to neutralize the effect of the mono- 
and di-n-butyl analogues. 1,3-Propanediamine was a more effective re- 
versing agent, while spermine, and especially spermidine, antagonized these 
inhibitors at low concentrations not much in excess of the growth factor 
requirement in the absence of inhibitors. The highly toxic tetra-n-buty] 
inhibitors were reversed only by extremely high concentrations of the dia- 
mines, while the polyamines were completely ineffective as antagonists. 
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The action of the inhibitors is not typical competitive inhibition. The 
application of “inhibition analysis” (11) to these systems has consistently 
failed to yield constant molar ratios of inhibitor to reversing agent; the pat- 
tern of the reversal of increments of N , N-di-n-butylputrescine illustrated 
in Table VI is representative of results with other inhibitors. The inhibi- 
tor-polyamine relationship is very complex. Often a partial reversal of an 
inhibitor occurs in the presence of moderately low concentrations of poly- 
amine, the degree of reversal not being improved with further small additions 
of polyamine. When a concentration of 0.5 to 1 umole per ml. of spermine 
or spermidine is reached, a reversion to 100 per cent inhibition occurs. This 
apparent toxicity of relatively low levels of spermine or spermidine is only 
observed in the presence of inhibitors; when tested alone, the polyamines 
are non-toxic; 7.¢e., they permit maximal growth of H. parainfluenzae at 
concentrations up to 10 wmoles per ml. 


DISCUSSION 


Several facts about the nature of the unusual bacterial growth factor re- 
quirement for the trimethylenediamine or tetramethylenediamine nucleus 
are evident from this study. High specificity is indicated by the inactivity 
of ethylenediamine and cadaverine. However, alteration and substitution 
in the basic carbon chain are tolerated to a certain extent (Table II). For 
example, 1 ,3-diamino-2-propanol is just as active as 1 ,3-propanediamine, 
and 2-butene-1,4-diamine is one-sixth as active as putrescine. With a- 
carbon substitution as in 1,3-butanediamine the activity drops more 
sharply. 

Although N-alkyl derivatives of putrescine have growth factor activity 
(Compounds 9, 13, 17, and 20, Table II), their utilization, relative to that 
of putrescine, is quite inefficient. Even N,N-dialkyl substitution of the 
basic molecule is permissible (Compounds 14 and 16, Table II), but the 
reduced activity of all these compounds is evidence of the biological pref- 
erence for the parent molecule. The high activity of N-aminoalkyl deriva- 
tives of putrescine and 1,3-propanediamine, e.g., spermidine and N-(3- 
aminopropy])-1,3-propanediamine, is subject to two explanations: either 
these derivatives are utilized per se as efficiently as the diamines, or they are 
quantitatively converted by amine oxidase (10) to the corresponding dia- 
mine. The amine oxidase route seems most likely, but every attempt to 
show amine oxidase activity in H. parainfluenzae preparations has given 
completely negative results. The high activity of N ,N’-(3-aminopropyl)- 
1 ,4-butanediamine (spermine) is more surprising, since N,N’-dimethy]- 
1 ,4-butanediamine is completely inactive as a growth factor as is the cor- 
responding 2-butene derivative. Spermine activity must, therefore, 


4D. Hubbard, R. Weaver, and I. J. Herbst, to be published. 
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depend upon the direct and nearly equivalent utilization of the polyamine ey 
in the putrescine-dependent metabolism. Another possible explanation of al 
diamine and polyamine equivalence depends upon the biosynthesis of poly- T 
amines from the precursor diamines. di 

NH.(CH,),NH, + NH.(CH.),X — + HX 
+ NH2(CH2);XN — + HY tl 
+ 2NH2(CH2)3X — + 2HX au 
; st 

However, absolutely no evidence supporting this concept of the polyamines s| 
as the functional molecules is available. Indirect evidence refuting the of 
polyamines and in support of putrescine as the key compound has been tr 
obtained. Five batches of cells of H. parainfluenzae grown in the basal Me 
media containing either 1 ,3-propanediamine, putrescine, spermine, spermi- t 
dine, or agmatine were hydrolyzed; the hydrolysates were examined by pa- al 
per chromatography with the solvent system ethyleneglycol monomethy! 
ether-propionic acid-water, 70:15:15. Only one active compound, identi- of 


fied by the bioautographic technique (12) and having an RP» corresponding t 
to that of putrescine in this solvent, was present in each of the five cell 


hydrolysates. The conversion by H. parainfluenzae of spermidine and 
spermine to putrescine apparently proceeds by a mechanism not involving 
amine oxidase. This reaction is completely undefined, and the more com- 
plex conversion of 1 .3-propanediamine to putrescine is equally baffling. H 
We believe that the mechanism of action of the N-alkylputrescines and ol 
of the other inhibitory molecules disclosed by this investigation is not a ( 
simple interference with putrescine utilization. Several lines of evidence he 
support the concept of multiple interference with H. parainfluenzae metab- ia 
olism involving (a) a specific interference at the putrescine site of action se 
and (b) a non-specific interference at other cell sites. The pattern of re- Rs 
versal of the inhibitors by putrescine, 1 ,3-propanediamine, spermine, and 
spermidine is consistent with this reasoning. At low toxic concentrations a 
of the inhibitors complete reversal is accomplished by moderately low con- ie 
centrations of putrescine, while in the presence of 1,3-propanediamine, a 
spermidine, or spermine the action of the inhibitors appears to be non- - 
competitive. These results suggest a specific interference with putrescine 
utilization only when the molecule is supplied preformed. This picture is 
altered as the concentration of inhibitor is increased. Extremely high | 
concentrations of putrescine and 1 ,3-propanediamine, in excess of the inhib- , 
itor concentration, are now required to reverse the inhibition while spermi- 
dine and spermine are completely ineffective as antagonists. In this area | 
of inhibitor action the low ratios of inhibitor to diamine antagonist are not | 
indicative of a specific action upon diamine-dependent reactions. 
Rather, a “non-specific competitive inhibition” (13) involving an ion 


Ol) 
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exchange phenomenon wherein the basic inhibitors are displaced from vital 
anions of the bacterium by the diamine cations appears to be operative. 
The reversal of Atabrine, quinine, and propamidine by spermine, spermi- 
dine, and other polyamines (14, 15) has been classified as non-specific com- 
petitive inhibition (13), and Albert (16) has linked the antibacterial action 
of acridines to the blocking of normal metabolic functions of cell anions by 
the acridine cations. There is evidence that the anion involved in the 
acridine bacteriostasis is cellular nucleic acid (17). The inhibitors we have 
studied are all basic molecules and a mechanism of bacteriostasis by non- 
specific competitive inhibition involving a cell anion is likely. The pattern 
of reversal of high levels of the inhibitors by equimolar and higher concen- 
trations of the diamines supports this hypothesis. Competition for the cell 
anions between N-alkylputrescines and putrescine would favor the inhib- 
itors, since the basicity of the nitrogen atoms has been increased by the 
alkyl substitution. The inactivity of spermidine and spermine as antag- 
onists of this non-specific inhibition is unusual, since these polyamines are 
efficient antagonists of basic drugs (14, 15). However, the apparent toxic- 
ity of spermine and spermidine in the presence of the N-alkylputrescines 
complicates the study of the polyamine-inhibitor relationship. 


SUMMARY 


Culture methods for the demonstration of the putrescine requirement of 
Hemophilus parainfluenzae are described in detail. ‘twenty compounds, 
all of which are derivatives of 1,3-propanediamine or 1 ,4-butanediamine 
(putrescine), have growth factor activity. Among the active compounds 
are a number of N-alkyl and N ,N-dialky! derivatives of putrescine; how- 
ever, the N ,N’-dialkyl and N,N,N’, N’-tetraalky! analogues of putrescine 
are growth inhibitors. The n-butyl derivatives are more toxic than the 
n-propyl-, ethyl-, or methyl-substituted analogues. 

Low toxic levels of the inhibitors are efficiently reversed by putrescine 
and other growth factors, but constant inhibitor-growth factor ratios are 
not observed. High toxic levels of the analogues are reversed only by 
massive concentrations of putrescine and 1 ,3-propanediamine and evidence 
in support of non-specific inhibitor action is discussed. 
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FREE AMINO GROUPS AND N-TERMINAL SEQUENCE 
OF RABBIT ANTIBODIES* 


By MARY L. McFADDENT EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and _ the 
Departments of Biological Chemistry and Medicine, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, October 29, 1954) 


The character of antibodies as serum globulins is regarded as definitely 
established, but the chemical relationship of antibody to normal y-globulin 
is still in question (1, 2). All of the various theories which have been pro- 
posed to account for the synthesis of antibody fall into two basic groups 
with respect to the nature of the antibody molecule. According to one 
view, it may be expected that antibody is identical with a normal, non- 
immune y-globulin with respect to amino acid composition and sequence 
of amino acid residues in the polypeptide chains, and that normal and 
antibody globulins differ only in the possession by the latter of a surface 
configuration which can react specifically with antigen. According to the 
other view, the presence of antigen modifies the apparatus of globulin 
synthesis so that a different type of molecule is elaborated; it would be 
expected to differ in amino acid composition and in sequence of residues of 
the polypeptide chains. 

Only fragmentary and indecisive early information is available concern- 
ing the amino acid composition of rabbit antibodies (1). However, Porter 
(3) has demonstrated that normal rabbit y-globulin and antiovalbumin are 
alike in possessing the .V-terminal tetrapeptide sequence, alanylleucylvalyl- 
aspartyl, with glutamic acid probably in the 5 position. His-.results thus 
indicate that the 2 molecules do not differ in at least a portion of their 
structure. Such a finding is obviously of great importance and merits 
extension. Determination of the complete structure of a rabbit antibody 
molecule is not yet feasible. However, it is desirable to ascertain whether 
other types of rabbit antibodies possess the same N-terminal sequence. 
The present paper reports studies of the free amino groups of eight different 
types of antipneumococcal antibodies and the V-terminal sequence of four 
of them. No differences in free amino groups or N-terminal sequence 
could be found. The pentapeptide sequence, alanylleucylvalylaspartyl- 
glutamyl, has been definitely established in the antipneumococcal anti- 

* This investigation was aided by research grants from the National Institutes of 


Health, United States Publie Health Service. 
t Predoctoral Fellow of the Life Insurance Medical Research Fund. 
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bodies and is identical with the sequence found by Porter for normal 
rabbit y-globulin and antiovalbumin. 

The accompanying paper (4) deals with the amino acid composition of 
four rabbit antibodies and discusses the over-all significance of the present 
studies. 


Materials and Methods 


Antibodics—The rabbit antibody preparations which were used in this 
and in the accompanying study (4) were concentrated and purified prepara- 
tions which were prepared between 1938 and 1940 in the laboratories of 
Kk. R. Squibb and Sons, and which had been kept in the frozen state since 
that time. We are greatly indebted to Mr. Tillman D. Gerlough of E. R. 
Squibb and Sons for his generosity in donating these preparations, in 
permitting us to describe the method of purification of these antibodies, 
and in supplying us with the type-specific polysaccharides. 

The antibody preparations were obtained by the following procedure. 
Ilyperimmune rabbit plasma was diluted with an equal volume of distilled 
water, brought to 0.27 saturation with solid ammonium sulfate, and heated 
at 56° for 30 minutes. The insoluble fraction was discarded and the 
antibodies were precipitated at 0.5 saturated ammonium sulfate; the pre- 
cipitate was redissolved in water and reprecipitated at 0.45 saturation. 
The precipitate was then dialyzed in the cold against water maintained at 
pH 5.3 and the insoluble fraction was discarded. The supernatant fluid 
was adjusted to pIl 7, and the antibody fraction was collected between 
0.43 and 0.47 saturation with ammonium sulfate. The precipitate was 
then dialyzed against isotonic saline and preserved with 0.25 per cent 
phenol and a 1:10,000 solution of merthiolate. 

When the antibody solutions were thawed, it was found that they con- 
tained about 20 per cent protein. Each preparation was examined in the 
Tiselius apparatus and in the Spinco ultracentrifuge by the usual methods. 
The medium was a Veronal buffer of 0.1 ionic strength at pH 8.5 to 8.6. 
The results, given in Table I, show that these globulins are, in general, of 
high purity and have the expected properties for rabbit y-globulins. The 
main sedimenting component corresponds to a particle of about 160,000 
molecular weight, as was found earlier for this species (5). A small amount 
of heavier material, which presumably represents a dimer, has frequently 
been detected in y-globulin preparations obtained by chemical fractiona- 
tion (6, 7). 

The amount of specifically precipitable antibody and the quantity of 
polysaccharide antigen bound in the antigen-antibody complex at the zone 
of equivalence were measured by the quantitative precipitation methods 
of Heidelberger and Kendall (8). The results of these studies, given in 
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Table II, show that the precipitable antibody represents from 14 to 30 
per cent of the total protein. In each instance, the precipitation of anti- 
body by antigen followed all the expectations for a system containing a 
single type of antibody and antigen. The type-specific polysaccharides, 
referred to as SI, SII, etc., were highly purified preparations obtained from 
E. R. Squibb and Sons. 


TABLE I 
Properties of Purified Rabbit Antibody Preparations* 

Klectrophoresis and sedimentation were performed on the same solutions con- 
taining Veronal (diethyl barbiturate) buffer of 0.1 ionie strength at pH 8.5 to 8.6. 
The amount of electrophoretic y-globulin is given as the percentage of the total 
migrating area, as observed at 1.5° in an apparatus with the schlieren scanning de- 
vice. Mobility (—u 10°) is given in em.? volt 'see'. Sedimentation was studied 
in a Spinco ultracentrifuge at room temperature. The sedimentation constants 
(Seo,~) are given in Svedberg units (S) corrected to water and 20°. 


Electrophoretic behavior Sedimentation behavior 
y Globulin Concentration Component 1 Component 2 
u X 105 Amount of 5 
component 
$20 Amount Amount 
per cent per cent Ss per cent Ss per cent 
1.25 1.7 6.5 8.3 Ss 
1.25 2.0 6.3 7 
1.20 1.S Nit 6.2 0.1 
0.87 1.7 SO 6.5 9.2 
Vil S7 6.3 S.8 
VIII 1.9 6.3 S.S | 
XIV 1.08 1.9 6.5 10.1 ri 


* We are indebted to Mr. Douglas M. Brown for his help with these determina- 
tions. 

tT For the last five preparations, the protein other than y-globulin comprised 3 
to 4 per cent albumin and material which spread in mobility between the albumin 
and the y-globulin. 


The studies of the free amino groups and the \-terminal peptide se- 
quence reported herein, and of the amino acid composition of the anti- 
hodies in the accompanying paper (4), were performed on the antigen- 
antibody precipitates obtained at the zone of equivalence. A quantity of 
0.005 per cent solution of specific polysaccharide, calculated from the data 
in Table II, was added to a diluted preparation of the antibody solution 
and was allowed to stand at 4° until precipitation was complete. The 
preparation was then centrifuged and the supernatant fluid disearded. 
The antigen-antibody complex was washed by resuspension in saline and 
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collection by centrifugation. It was washed finally several times each with 7 
deionized water, absolute ethanol, and ether, and was then allowed to dry ’ 
in the air at room temperature for several days. . 
Precipitated antibody is designated as antibody I, II, etc. In some P 
cases, the residual protein was precipitated with ethanol and washed and P 
dried as described; such a preparation is y-globulin I to indicate the origin P 
of the y-globulin from rabbits immunized against type I pneumococcus. . 
Similarly, y-globulin M is a mixture of y-globulins VIII and XIV. 1 
TaBLe II 
Immunological Properties of Antibody Preparations* pr 
The equation of Heidelberger and Kendall (8) was used to characterize the anti- de 
bodies. The equation is (Ab/An) = [2R — (R*An)/A] where Ab = antibody pre- 
cipitated, An = antigen added, A = antibody precipitated at the equivalence point, pe 
and R = Ab/An at the equivalence point. This equation was followed in the region Ww 
of antibody excess. Straight lines were obtained in plots of Ab/An versus An. At C: 
the equivalence point, neither antigen nor antibody was present in the supernatant . 
fluid. In the region of excess antigen, a decrease in precipitate was observed. C 
| | | Composition of ppt. at | | “ 
Type No. | | point of equivalence por | 
| | | sm. oF ppt. | of y-globulin fo 
| | A | An | | th 
| | mx. 2 
| 25.0 | 300 | 2.08 | 0.083 3.8 | 20.2 me 
IV | 16.5 | 150 | 1.83 | 0.110 | 5.6 | 19.4 ba 
Vil 18.5 | 208 | 1.65 | 0.089 | 5.0 | 14.4 
23.0 | 159 | 3.00 | 0.130 4.1 | 30.0 dis 
XIV 21.6 | i] | | | the 
* We are indebted to Dr. B. V. Jager for his advice and help with these determina- “ 
tions. 
0.€ 
Whole y-globulin, designated y-globulin N, was isolated in this laboratory | ¢0l 
from freshly clotted, normal rabbit blood by the procedure of Kekwick bai 
(9); this preparation was showit by electrophoresis at pH 8.6 in Veronal | Um 
buffer to contain more than 95 per cent y-globulin. not 
Preparation and Chromatography of DNP Derivatives—The proteins or | 4¢é 
protein-polysaccharide complexes were treated with 1,2, 4-fluorodinitro- 
benzene (DNFB) by the method of Sanger (10, 11). The yellow dinitro- | 4) 
phenylated proteins (DNP proteins) were washed three times each with | Wit 
water, absolute ethanol, and ether. The amount of protein in the air- | 4 
dried DNP proteins was estimated by measuring its amide content by the | 9-2 
procedure given by Thompson (12). The amide content of anhydrous | S€P 
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y-globulin M was found to be 1.30 gm. of NH; per 100 gm. of protein. In 
view of the apparent identity of composition of rabbit antibodies (4), it 
was assumed that the amide content of all of the antibody and y-globulin 
preparations is the same. The amount of anhydrous protein in the various 
preparations of DNP antibodies and y-globulins was found to be 73 to 78 
per cent of the weight; this variation is undoubtedly due to differences in 
content of polysaccharide and in moisture. 

Because the antigen-antibody complex was in some cases treated with 
DNFB, it was necessary to be certain that DNP derivatives were not 
formed with the type-specific polysaccharides alone. Such controls were 
performed with SI, SIII, and SVIII; no colored DNP derivatives could be 
detected by the procedures used for the study of the DNP proteins. 

Hydrolysis of DNP proteins and extraction of DNP derivatives were 
performed essentially as described by Thompson (12). DNP derivatives 
were separated by partition chromatography on buffered Celite 545 (13). 
Columns were prepared immediately before use from a mixture of buffered 
Celite and a suitable water-saturated solvent, as described by Thompson 
(12). Phosphate buffers were used at pH 4.0, 5.5, 6.5, and 7.1, citrate 
buffer at pH 5.0. The following water-saturated solvents were most useful 
for separation of DNP derivatives of neutral and acidic amino acids on 
the columns: chloroform, a 1:1 mixture of chloroform and ether (CE 50), 
2 ml. of n-butanol to 98 ml. of chloroform (CB 2), 15 ml. of n-butanol to 
85 ml. of chloroform (CB 15), ethyl acetate, and ether. Separation of 
e-DNP-lysine was accomplished on a 1 N HCl column with CB 15. The 
method of Bailey (14) was used for identification of derivatives of other 
basic amino acids. 

The residues of ether extracts of the hydrolyzed DNP proteins were 
dissolved in a minimal amount of CE 50 and transferred quantitatively to 
the surface of a CE 50 column at pH 4.0. Development of the yellow 
band with CE 50 separates DNP-aspartic acid (R = 0.07), DNP-serine 
(R = 0.23), DNP-glutamic acid (R = 0.35), and DNP-threonine (R = 
0.6); all other compounds travel more rapidly (22 > 1.0) on this solvent- 
column system. (/? is defined as the ratio of the distance traveled by the 
band in the column to the distance moved by the solvent above the col- 
umn.) If a good separation of DNP-serine and DNP-glutamic acid was 
not obtained on this column, the mixed band was resolved with ethy! 
acetate on a pH 5.5 column (DNP-glutamie acid, R = 0.10; DNP-serine, 
R = 0.35). The fast band from the column at pH 4.0 then was taken to 
dryness, dissolved in the minimal amount of chloroform, and separated 
with chloroform on a column of pH 6.5. On this column, DNP-alanine 
and DNP-proline (R = 0.02), DNP-valine and DNP-methionine (R = 
0.25), and DNP-phenylalanine and di-DNP-lysine (R = 0.56) can be 
separated from DNP-leucine, DNP-isoleucine, dinitrophenol, and dinitro- 
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190 AMINO GROUPS OF RABBIT ANTIBODIES 
aniline (R > 1.0). DNP-glycine and di-DNP-tyrosine, which do not 
move (2 = 0), ean be eluted from this column with ether, ethyl acetate, 
or acetone. The fast band from the column at pH 6.5 can be chromato- 
graphed with chloroform on a column at pH 7.1 which will separate DNP- 
leucine and isoleucine (R = 0.15 to 0.25) from dinitrophenol (2 = 0.45) 
and dinitroaniline (PR 1.0). Porter (11) has described other solvent 
systems which will separate pairs of DNP amino acids with the same R 
values if both are present in the hydrolysate. 

Isolated DNP derivatives were estimated quantitatively with a Beck- 
man spectrophotometer. HCl (1 ‘) was used for e-DNP-lysine at 390 mu. 
Extinction coefficients which were determined for all derivatives encoun- 
tered were in agreement with those recently reported by Rao and Sober 


Residue of ether extracts of hydrolysate 


4.0 
CE 50 
BS 
R> 10 R = 0.30 R = 0.07 
DN P-ser DNP-asp 
pH 6.5 
CHCl, 
R> 10 R= 005 R= 0 
DNP-ala 
pH 7.1 pH 6.5 
CHCl, CB 2 
R = 0.40 R= 022 R = 0.30 R= 0.05 
DNA DNP DNP-ala, leu 
pil 7.0 CB IS 
ether | 
DNPleu DNP-leu, R=040 R=02 R=0 | 
val DNP-ala, DNP-ala, 
(slow) leu, val leu, wget | 
tone 
val, 
asp DN P-ala, leu | 


ScueMeE 1. Method of separation of DNP derivatives from a partial hydrolysate of 
DNA, dinitroaniline; DNP, dinitrophenol; ser, serine, asp, 
aspartic acid, ala, alanine, leu, leucine, val, valine, glu, glutamic acid. 


rabbit antibody XIV. 
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(15). After quantitative estimation, each band was chromatographed on 
paper for positive identification with one or more solvent systems; e¢.g., 
tertiary amyl alcohol (16), 1.5 mM phosphate buffer (17), and toluene-pyri- 
dine-ethylene chlorohydrin (18). Recovery values determined by Sanger 
and Porter (19) were used in calculations. 

Isolation of DNP Peptides——The same buffered columns and solvents 
which were used to separate DNP amino acids were emploved for the 
peptide derivatives (for example, see accompanying Scheme 1). Each 
eluted band from the partial hydrolysates was dissolved in 1 per cent 
NaHCO, and the absorbancy at 350 my was determined. An arbitrary 
value, 1.56 & 10, for the extinction coefficient of all DNP peptide solu- 
tions was used. The bicarbonate solution was acidified and the DNP 
derivative extracted into ethyl acetate. The extracts were washed twice 
with water and taken to dryness 7n vacuo. The residue of DNP peptide 
was dissolved in 3 to 6 drops of 6 N HCl with warming, sealed in a capillary 
tube, and heated at 105° for 20 hours. The cooled hydrolysate was trans- 
ferred to a small tube and extracted with ether. The ether extracts were 
chromatographed on paper for the identification of the DNP derivative as 
described above. The aqueous phase was evaporated to dryness, freed of 
excess acid, and chromatographed on Whatman No. | paper with the fol- 
lowing solvent systems: butanol-acetic acid (20), tertiary amyl alcohol (21), 
or phenol-water-ammonia (22). Dry chromatograms were sprayed with 
the ninhydrin reagent of Levy and Chung (23) and slowly warmed, while 
still wet, until the spots developed. The distinctive colors of different 
amino acids produced by this reagent were useful for identification of the 
compounds. 

Free Amino Groups of Antibodies 

kor the most part, the proteins were treated with DNEB for 3 hours. 
Inasmuch as some .V-terminal amino acids have been found to be liberated 
during this treatment (24), the mother liquors of the DNP proteins were 
examined for DNP amino acids. Several IYDNP amino acids (aspartic acid, 
alanine, valine, leucine or isoleucine, serine, and threonine) were found to 
be present after this treatment, and additional trace amounts of DNP 
amino acids (asparagine and glutamic acid) were liberated after treatment 
with DNEB for 16 hours. None of these was present in an amount greater 
than 0.05 mole per 160,000 gm. of protein. Presumably these amino 
acids result from partial breakdown of the protein. 

In Table LIT are the results for all of our studies on rabbit antibodies 
and y-globulins. In addition to DNP-alanine and e-DNP-lysine, signifi- 
cant amounts of DNP-aspartie acid were found in all cases. Besides these 
DNP derivatives, trace amounts of DNP-valine, DNP-leucine, DNP- 
serine, DNP-threonine, and DNP-glutamic acid were isolated from most 
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of the preparations. No DNP derivatives of glycine, proline, arginine, or 
histidine (as the di-DNP derivative) could be detected by the special 
methods used for finding them (11). 

Because it is known that some breakdown of the protein occurs during 
treatment with DNFB (24), the presence of trace amounts of DNP amino 


III 
Free Amino Groups of Rabbit y-Globulins and Antibodies 


Moles per 160,000 gm. of protein __ Lysine 
residues per 100 
gm. of protein 


__. Lysine per 100 
gm. of protein 


Preparation 


Alanine Aspartic acid — Lysine | 
| gm gm. 

y-Globulin I 1.17 ‘Present 6.61 5.79 
1.18 0.46 77 7.05 6.20 

Ib* 0.99 0.41 66 6.02 5.30 

1.04 0.48 69 6.30 5.52 

' M 0.87 | 0.36 | 70 | 6.36 5.56 

1.30 0.41 69 6.30 5.52 

ws N 1.04 0.29 | 7 | 6.65 5.87 

| 0.93 | 0.28 68 6.20 5.40 
Antibody 0.99 0.41 68 6.24 5.47 
I! 0.96 0.47 73 6.66 5.82 

0.95 0.38 76 6.82 5.95 

0.96 (0.36 68 6.18 5.40 

1.14 0.52 70 6.36 5.56 

‘ I\ 1.08 0.48 68 6.17 5.40 

\ ().87 0.35 72 6.58 5.77 

0.90 0.50 69 6.25 5.50 
Vil (0.89 ().42 6S 6.20 5.42 

1.17 0.36 67 6.08 5.35 

+ XI\ 1.04 0.33 70 6.35 5.56 
| 1.03 0.40 70 6.39 5.60 
deviation...... +0.10 +0.06 +2 +().22 +0.19 


* This is a different preparation from y-globulin I. 
t The antibody was precipitated by SIIL in the presence of 3 moles of aspartic 
acid, 


acids is not surprising. The presence of relatively large amounts of DNP- 
aspartic acid, however, is somewhat unexpected. Free aspartic acid was 
recovered from the DNP compound (25) and identified by its position and 
characteristic color with ninhydrin on a paper chromatogram. In order 
to test whether free aspartic acid was adsorbed on the antibody, a prepara- 
tion of type III antibody was precipitated by SIII in the presence of 3 
equivalents of aspartic acid. This antibody preparation (IITa), which was 
treated in the usual manner, did not yield any significant increase in DNP- 
aspartic acid. Therefore, the presence of this compound cannot be attrib- 
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uted to adsorption. It is more likely that there is a labile linkage in the 
molecule, e.g. serylaspartyl or threonylaspartyl, which is hydrolyzed to 
some extent during the treatment with DNFB, resulting in the formation 
of DNP-aspartic acid. The possibility that the DNP-aspartie acid origi- 
nates from a peptide or protein impurity seems very unlikely in view of 
its almost constant recovery from the various types of antibody and from 
different batches of y-globulins. It is conceivable that some of the antibody 
and y-globulin molecules (approximately 40 per cent) may be branched 
polypeptide chains with one N-terminal alanine and one N-terminal aspar- 
tic acid. Such a possibility cannot be excluded but, if this is the case, the 
branched molecules are present in surprisingly constant amounts in the 
different samples. 

Porter (3) did not observe any DNP-aspartic acid in the hydrolysates 
of DNP-antiovalbumin or normal y-globulin. He used unbuffered col- 
umns of silica gel and mixtures of chloroform and butanol for separation 
of DNP derivatives; under these conditions DNP-aspartie acid does not 
move on the column. Porter reported the presence of a stationary band, 
but concluded that it was an artifact, since he was unable to identify it as 
any DNP amino acid. 

Regardless of the origin of the DNP-aspartic acid, it is evident from the 
data in Table I11 that all of the antibody and y-globulin preparations yield 
the same quantity of DNP-alanine and e~-DNP-lysine. These results are 
identical with those previously obtained by Porter (3), who found an 
average of 71 lysine residues and | N-terminal alanine in antiovalbumin 
and normal rabbit y-globulin. The average recovery of e-~-DNP-lysine is 
equivalent to 5.60 gm. of lysine residues per 100 gm. of protein, and is in 
excellent agreement with the average figure, 5.66 gm., obtained by chro- 
matography of antibody hydrolysates on Dowex 50 (4). The recovery of 
1 mole of DNP-alanine per 160,000 gm. of protein is in accord with the 
conclusion of Porter that these proteins consist of a single polypeptide 
chain with \V-terminal alanine. 


N-Terminal Sequence of Rabbit Antibodies 


The method of separation, the approximate FP values, and the identifica- 
tion of the DNP compounds isolated from partial hydrolysates of four 
rabbit antibodies are shown in Scheme | for one example, antibody XIV. 
Although some variations of these procedures were used for the other 
antibodies, Scheme | illustrates the general approach. All of the DNP 
amino acids and peptides which were isolated, and the approximate yield 
of each compound, are given in Table IV. No correction factors for break- 
down of the DNP derivatives were used in calculation of the yields. After 
hydrolysis of each DNP peptide, the DNP amino acid and the free amino 
acids were identified as described above. 
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Antibody Hydroly tic 
No. conditions 


I HCl, 1 
hr., 110° 


VII 12x HCI, 6 


davs, 37° 


Taste IV 


DNP Amino Acids and Peptides Isolated from Partial Hydrolysates of Rabbit 
Antibodies 


in parentheses were identified after hydrolysis of the DNP 


Compounds identified 


DNP-aspartic acid 


~DNP-glutamic acid 


DNP-threonine 
DN P-serine 
DNP-leucine 


(valine) 
DNP-alanine 

(leucine) 

( 

( 
DNP-aspartie acid 

 DNP-serine 

DNP-leucine 

(valine) 
DNP-alanine 

ae (leucine) 

sé ( 

( 

( 


VIIT HCI,6— 
days, 37° | 


NIV 12 ~ HCl, 6 


days, 37° 


glutamic acid) 
DNP-aspartic acid 


P-serine 


DNP-glutamie acid 
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It is evident that the DNP-alanine peptides which were isolated from 
three of the antibodies are consistent with the sequence, alanylleucylvalyl- 
aspartylglutamyl, which was also found by Porter to occur in normal 
y-globulin and antiovalbumin. Porter (3) identified glutamy] as the fifth 
residue only tentatively; im our work decisive evidence was obtained re- 
peatedly for this residue in the 5 position. No pentapeptide was isolated 
from the partial hydrolysate of DNP antibody I. This particular hy- 
drolysis was performed in 6 N HC] rather than 12 n HCl, a condition which 
would presumably facilitate cleavage of the aspartylglutamy! bond. 

The occurrence of DNP-leucylvaline in three of the four hydrolysates is 
noteworthy. It has been mentioned above that small amounts of DNP- 
leucine and JDNP-valine are present in complete hydrolysates of the anti- 
bodies. This finding and the occurrence of DNP-leucylvaline suggest that 
rabbit antibodies exist which lack the N-terminal alanine or alanylleucine 
residues or, alternatively, that these bonds at the N-terminal sequence are 
labile and are hydrolyzed during the treatment with DNFB. The pres- 
ence of DNP-aspartie acid and DNP-glutamic acid might also be explained 
by an unusual lability of the N-terminal sequence. 


DISCUSSION 


The work presented in this paper and the earlier study of Porter (3) 
leave little doubt that normal rabbit y-globulin and a variety of antibodies 
produced in this species all possess a single polypeptide chain with N-ter- 
minal alanine and with the same number of free e-amino groups of lysine. 
In addition, it has been found that the N-terminal pentapeptide sequence, 
alanylleucylvalylaspartylglutamyl, occurs in the normal globulin and the 
antibodies of this species. The significance of these observations for the- 
ories of antibody formation has already been noted by Porter (3), and will 
be discussed further in the accompanying paper (4). 

It should be emphasized that the present results apply only to rabbit 
antibodies. Evidence already has been presented that the y-globulins of 
the human (26, 27), the cow, and the horse (26) are mixtures of proteins 
with a variety of end-groups. Further studies on the y-globulins of these 
species will be presented later.' 


SUMMARY 


1. For eight specific pneumocoecus antibodies and normal rabbit. y-glob- 
ulin it has been found that there is an average of | mole of N-terminal 
alanine and 70 e-amino groups of lysine which will react with 1 ,2,4-fluoro- 
dinitrobenzene (DNFB). In addition, approximately 0.4 mole of aspartic 
acid and traces of other amino acids are obtained as the dinitrophenyl 


' We would like to acknowledge the advice and criticism of Dr. Ek. O. P. Thompson 
and Adrienne R. Thompson in these studies. 
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196 AMINO GROUPS OF RABBIT ANTIBODIES 
(DNP) derivatives from complete hydrolysates of the DNP proteins. It 
is likely that these originate from partial breakdown of the protein, mainly AL 
at the N-terminal end, during the treatment with DNFB. 
2. For antibodies of types VII, VIII, and XIV, the N-terminal penta- 
peptide sequence, alanylleucylvalylaspartylglutamyl, has been identified 
positively, and for type I antibody, the corresponding alany! tetrapeptide. wn 
This N-terminal sequence is identical with that found earlier by Porter for 
rabbit antiovalbumin and normal rabbit y-globulin. In addition small 
amounts of DNP-leucylvaline were isolated; this peptide could originate 
from antibody deficient in N-terminal alanine or produced by the treat- ( 
ment with DNFB. om 
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Only a few incomplete analyses have been reported for the amino acid 
composition of rabbit antibodies (1). In addition to the value of charac- 
terizing such proteins, it is of some interest to determine whether antibodies 
of different immunological specificity possess the same or a different com- 
position. Such findings have an immediate and obvious bearing on cur- 
rent theories of antibody formation (2-4). 

In the present paper we wish to report studies of the composition of four 
different antipneumococcal antibodies obtained from rabbit serum. These 
studies were performed on materials precipitated by the specific polysac- 
charides. The present results suggest that there are no differences suffi- 
ciently great to be detected by the methods used; 7.e., chromatographic 
separation of the amino acids on Dowex 50 and analysis by the ninhydrin 
method. This finding, in conjunction with the observations that rabbit 
antibodies of different immunological specificity possess identical free 
amino groups and N-terminal pentapeptide sequence (5, 6), strongly sug- 
gests that these proteins possess an identical polypeptide sequence. Such 
a view is in accord with the theories of antibody formation which assume 
that antibodies differ only in specific surface configuration (2, 3). 


Materials and Methods 


The materials analyzed were the antibodies to types I, VII, VIII, and 
XIV pneumococci obtained by precipitation with the specific polysaccha- 
rides. The antigen-antibody complex was washed and dried in the man- 
ner already given (5). Hydrolysis was performed in 3 times glass-distilled 
6 N HCl under anaerobic conditions, and the hydrolysates were worked up 
by the procedures previously described (7, 8). The amount of protein 
hydrolyzed was determined on aliquots by micro-Kjeldahl analyses on the 
basis that the N content of the antibodies is 16 per cent. Determinations 
by the Dumas method on two normal rabbit y-globulin preparations gave 
an average value of 16.0 per cent for the anhydrous, ash-free protein. 

* This investigation was aided by research grants from the National Institutes of 


Health, United States Public Health Service. 
+t Predoctoral Fellow of the Life Insurance Medical Research Fund. 
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Chromatography of the hydrolysates was performed on Dowex 50-X8 
by the methods of Moore and Stein (9). A 0.9 & 100 em. column was 
used for acidic and neutral amino acids and a 0.9 & 15 em. column for the 
basic amino acids. ‘The eluates were collected in 1 ml. fractions with an 
automatic fraction collector and the amino acids estimated by the nin- 
hydrin method (10). 

Additional samples of each protein were oxidized with performic acid 
by the method of Schram cf al. (11) before hydrolysis. The hydrolysates 
were chromatographed on a 0.9 K 15 cm. column of Dowex 50-X8 and 
cysteic acid, which emerged at the column volume, was estimated by the 
ninhydrin method (10). 

Tryptophan was determined by the method of Spies and Chambers (12). 
Because of the insolubility of the antigen-antibody complexes, the following 
procedure was used. Samples (5 mg.) were suspended in 10 ml. of p-di- 
methylaminobenzaldehyde solution (300 mg. in 100 ml. of 19 N H.SO,) 
and the mixtures kept in darkness until complete solution occurred, usually 
in 12 to 18 hours. Color was developed by the addition of 0.1 ml. of 0.04 
per cent NaNQO;. Maximal color was achieved after 30 minutes in dark- 
ness. The absorbancy was determined with a Coleman junior spectro- 
photometer. It was found that the antibodies possess a maximal absorp- 
tion at 630 my, whereas tryptophan itself and many proteins yield a 
maximum at 600 my. In order to circumvent this difficulty, a preparation 


of human y-globulin II-1,2 was used as the standard. This protein was | 
found to contain 2.62 + 0.05 per cent tryptophan, as determined by the © 


method of Bates (13), and is in accord with the value reported earlier by 
Smith, Greene, and Bartner (14). 

Because of the presence of the polysaccharide antigens in the precipi- 
tated complexes, the carbohydrate content of the antibodies was not de- 
termined. Estimations were made on a non-immune electrophoretically 
homogeneous preparation of rabbit y-globulin. Hexose was determined 
by the orcinol method of Pirie (15) with glucose as the standard; absorb- 
ancy was estimated at 420 my. Hexosamine was determined by the pro- 
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cedure of Palmer et al. (16) with glucosamine as the standard; readings | 


were made at 530 mu. The Coleman junior spectrophotometer was used 


for these determinations. 


Results 


Since certain amino acids are progressively destroyed (¢.g., serine and 
threonine) and others are slowly liberated (e.g., valine and isoleucine) 
under the conditions of hydrolysis (7, 8, 17), all the materials were hydro- 
lyzed for 20 and 70 hours. Fig. 1 shows a typical run for type VIT anti- 
body and Fig. 2 for type XIV antibody, each after 70 hours hydrolysis. 
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The individual data, averages, and average deviations for the four anti- 
bodies studied are given in Tables Land II. It is evident that progressive 


SER 
THR» 
WT YR+PHE 
0.6+ LYS 
ASP 
HIS 
0.2 
> 
4090 10 130 170 
| + 6.8 PHOSPHATE 
a 
20 40 60 80 100 120 
PHE 
0. 
130 150 170 70 190 210 230 250 270 290 
pH 4.25, 50" pH 65 CITRATE ~ 
Fic. 2 


Fic. 1. Elution curves for a 70 hour hydrolysate of type VII antibody (1.81 mg.) 
ona 0.9 * 100 em. column of Dowex 50. The ninhydrin color yields have been cor- 
rected for base-line color but not for the different color vields of the amino acids. 
The color produced by proline was read at 440 mg, and that produced by the other sub- 
Stances at 570 my. ASP, aspartic acid; THR, threonine; SER, serine; GLU, glutamic 
acid; PRO, proline; GLY, glveine; ALA, alanine; CYS, evstine; VAL, valine; MET, 
methionine; ILEU, isoleucine; LEU, leucine; TYR, tyrosine; phenylalanine. 

Fic. 2. Elution curves for a 70 hour hydrolysate of tvpe XIV antibody (8.80 mg.) 
ona0.9 * 15 em. column of Dowex 50. The base-line color has been subtracted but 
no correction has been applied for different color vields of the eluted substances. 
HIS, histidine; LYS, lvsine; ARG, arginine. 


decomposition of serine and threonine occurs and, as a result, the ammonia 
recovery increases with time of hydrolysis. Estimations of these sub- 
stances were made by extrapolation to zero time. Inasmuch as the anti- 
bodies themselves contain some polysaccharide, and each preparation con- 
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tains 4 to 6 per cent of polysaccharide antigen, it may be expected that 


this material will influence the rate of destruction of various amino acids. | 


Unlike other proteins previously studied in this laboratory (7, 8) by the 
present methods, the hydrolysates of the antibodies contained some humin. 

Methionine may be slowly oxidized to its sulfone, but no estimate for 
methionine destruction has been made and the results may be low. Meth- 
ionine sulfone is eluted from Dowex 50 columns with threonine, and the 
apparent recovery of threonine, especially from 70 hour hydrolysates, may 
be high. These errors are small, however, compared with the other errors 
inherent in the method. 

As expected from earlier studies (7, 8), recoveries of valine and isoleucine 
after 20 hours hydrolysis are lower than those obtained after 70 hours; 
the former values have been omitted from the averages. 


The values for cystine are averages of duplicate determinations of cys- | 


teic acid but are calculated as half cystine residues. In our hands, control 
experiments with cystine itself have given recoveries averaging 82 per cent 


as cysteic acid, whereas Schram ef al. (11) reported recoveries of about © 


90 per cent. Because of this uncertainty, no corrections have been applied 
and the actual recoveries are reported. 


Comparison of the average values in Tables I and II indicates that, for 
most of the amino acids, the differences among the four antibodies are | 
small and within the expected errors of the method; this is evident for — 


aspartic acid, glutamic acid, glycine, alanine, leucine, tyrosine, histidine, 
lysine, arginine, and tryptophan. For some of the amino acids, the differ- 
ences are larger, as indicated by the recoveries for serine, threonine, valine, 
isoleucine, phenylalanine, and cystine. For these amino acids, however, 
there are uncertainties concerning destruction factors or rate of liberation. 
Moreover, for most of these amino acids, the differences among the vari- 
ous antibodies are no greater than some individual determinations on the 


same preparations. We cannot, therefore, regard these differences as in- 


dicating a significant variation in composition. 

The uncertain degree of destruction of methionine has already been 
noted. There are greater difficulties in the estimation of proline than of 
many other amino acids because of its occasionally difficult separation 
from glutamic acid and low color value with ninhydrin (see also Harfenist 
(17)). 

The average recovery of e-DNP-lysine from various rabbit antibodies 
and y-globulins is 5.60 gm. of residue per 100 gm. of protein (5), which is 
in excellent agreement with the values given in Tables I to ILI. 

A direct estimate of the amide content of a normal y-globulin gave 1.30 
per cent as ammonia or 1.22 per cent calculated as ammonia residues per 
100 gm. of protein (5). This result is in good agreement with the deter- 
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minations on three of the four antibodies studied. The high results on 
type XIV antibody, and the high values occasionally obtained for ammonia 


TaB_e III 
Average Amino Acid Composition of Rabbit Antibodies 


The values are averages obtained from the data in Tables I and II. 


| | gee 
gm. percent | gm. gm. _ per cent total N 
Aspartic acid........ 8.36 1.7 9.67 1.02 | 6.38 
Threonine........... 11.22* 3.1 13.22 1.55 9.69 
9 .05* 4.5 10.92 1.46 9.13 
Glutamic acid....... 10.36 1.2 11.80 1.12 7.00 
RE RES 7.22 4.0 8.56 1.04 6.50 
4.35 2.3 | 5.72 1.07 6.69 
4.53 1.8 | 5.68 0.89 5.56 
8.65 3.0 | 10.22 1.22 7.63 
Methionine.......... 1.23 a= Sa 1.40 | 0.13 0.81 
Isoleucine.........., 3.79 6.1 | 4.39 (0.47 2.94 
| 6.82 7.90 | 0.84 5.25 
5.96 6.62 | 0.651 3.19 
Phenylalanine....... 4.89 §.7 | 5.49 | 0.47 2.94 
Histidine............ | 1.35 1.5 | 1.53 | 0.41 2.56 
| 5.66 0.7 | 6.46 | 1.24 7.75 
Ammoniat.......... | 0.8 | | 1.07 6.69 
Arginine............ «4.52 10.13 
Tryptophan......... | 2.46 0.8 | 2.70 | 0.37 2.31 
Half cystine........ 2.666 § 4.5 | 3.13 | 0.36 2.25 
| 0.93 | 65 | 1.03 | 
Hexosamineft......... 1.13 1.8 1.26 0.10 0.63 
105.14 122.74 | 16.96 | 106.03 


* These average values for serine and threonine were obtained by extrapolating 
by least squares the sixteen individual determinations. If instead, the four extrap- 
olated values listed in Tables I and II are averaged, the values for gm. of amino 
acid residue per 100 gm. of protein for threonine and serine are 11.13 and 9.05, respec- 
tively. The respective average per cent deviations are 5.1 and 4.1. 

+t These constituents were determined on whole rabbit y-globulin and are not av- 
erages of determinations on the four antibodies. 

t These values are omitted from the totals. 

§ This is an actual recovery value. 


on other antibodies which have been omitted from the calculations, may 
have been due to accidental contamination by ammonia of the acidic 
hydrolysates or of the buffers used for elution of the short column. 
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Composition of Rabbit Antibody 
Inasmuch as there do not appear to be significant differences in compo- be 
sition, the combined results of the determinations on each of the four anti- th 
bodies (Tables I and II) have been averaged and given in Table III. The er 
average deviations are calculated with the average result for each antibody Br 
being taken as a single value. These values show that, with the exception el 
of isoleucine and phenylalanine, the deviations are less than 5 per cent from we 
the average and support the view that there is no significant difference th 
in composition of the four antibodies. fo 
TABLE IV an 
Ionic Groups of Rabbit y-Globulin sh 
The number of ionic groups is calculated on the basis of a molecular weight of un 
160,000 and on the assumption that there is a single free a-carboxy] group to conform (1 
with the single a-amino group. dr 
No. of moles No. of moles ” 
Acidic residues per 160,000 Basic residues 1 dee 
Em. protein gm. protein 

Aspartic acid 116 Arginine 46 bo. 

Glutamic 128 Lysine 71 
Terminal carboxy] 1 Histidine 16 the 
pe] 
Terminal a-amino 1 no 
Amide groups —122 mee 
Total anionic groups 123 Total cationic groups 134 ma 
cer 
pre 
The weight and nitrogen recoveries appear to be high, but are within : 
the over-all uncertainties of the methods used. Since the amount of pro- cor 
tein in each hydrolysate was estimated on the basis of 16 per cent nitrogen, ons 
an error in the nitrogen content will not influence the per cent recovery of fol 
this element. Consistently low nitrogen determinations on the hydrol- ace 
ysates would produce high weight and nitrogen recoveries. the 
The sulfur content of rabbit y-globulin, calculated from the content of tig 
methionine and cystine (the latter corrected for 82 per cent recovery, the cor 
average obtained with cystine itself), is 1.32 per cent. This is in reason- syr 
able agreement with the value 1.39 per cent obtained by Dr. A. Elek on a tw 
sample of normal rabbit y-globulin. in ¢ 
The partial specific volume of the antibody calculated from the average anc 
residue weights in Table III and the specific volumes of the amino acid one 
residues (18) is 0.728. obs 
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The number of ionic groups of the antibody has been computed on the 
basis of 160,000 molecular weight for the protein and on the assumption 
that there is a single a-carboxyl group to conform with the single a-amino 
group. The values which are given in Table IV indicate 123 carboxyl 
groups and 117 lysine plus arginine residues. From these values the iso- 
electric point should be at a pH value at which six of the imidazole groups 
are in the cationic form. This might be expected to be nearer neutrality 
than the isoelectric point at pH 5.8 reported by Tiselius and Kabat (19) 
for rabbit antibodies. 

Comparison of the values in Table III with those reviewed by Smith 
and Jager (20) for the amino acid content of y-globulins of other species 
shows that these proteins all possess a similar composition and that they 
undoubtedly represent a closely related family of proteins, as noted earlier 
(14). Particularly noteworthy in all of them is the high content of hy- 
droxyamino acids, of lysine, and, most strikingly, of valine and proline. 
The content of methionine, histidine, and isoleucine is relatively low. 


DISCUSSION 


The present investigations have demonstrated that specific rabbit anti- 
bodies cannot be distinguished on the basis of amino acid composition or 
the N-terminal pentapeptide sequence. As noted by Porter (6), 19° penta- 
peptides could theoretically occupy the five N-terminal positions. It does 
not seem unreasonable, therefore, to assume that the complete sequence of 
amino acids in all rabbit y-globulin molecules is the same. It must be 
recognized, however, that the sequence of only five residues of approxi- 
mately 1500 has been established, and that variations of less than 5 per 
cent in amino acid composition would not be detected with certainty by 
present methods of amino acid analysis. 

The studies of Heidelberger et al. (21) and of others (22, 23) on the in- 
corporation of labeled amino acids into antibody and serum proteins dem- 
onstrated that serum y-globulin which is present in the serum is not un- 
folded and refolded to produce antibody. It seems logical, therefore, to 
accept the view (3) that normal and immune y-globulins are formed from 
the same uncoiled polypeptide precursor and that, in the presence of an- 
tigen, the uncoiled chain assumes a folded or coiled structure which is 
complementary in shape to the antigenic determinant groups. Antibody 
synthesis, like protein synthesis in general, may be assumed to occur in 
two phases: first, a process in which amino acids or peptides are combined 
in a long polypeptide chain and a second phase in which the specific coiling 
and folding occur to produce the shape of the native protein. Presumably, 
one may regard the antigen as influencing only the second phase. The 
observed multiplicity of antibodies to a single antigen can then be due to 
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the fact that antibodies are complementarily adapted to different portions 
of the antigen molecule rather than to the production of antibodies of 
different chemical structure. 9 

The foregoing discussion is, in general, the theory of antibody production 
suggested by Haurowitz (2) and by Pauling (3). Burnet and Fenner (4) 3 
have objected to this theory on the grounds that antibody production is 
known to continue when antigen can no longer be detected. They have : 
also pointed out that Pauling’s theory does not explain the phenomenon “ 
of accelerated secondary response to the antigen. These investigators 7. 
have suggested as an alternative view that the antigen may modify the 8. 
enzymatic mechanism which produces the antibody. In effect, neither of | 
these objections is insuperable. The fact that antigen cannot be detected | - 
in some instances of continued antibody production may be due only to 12 
the insensitivity of available techniques. It is possible that cells already | 13. 
producing antibody may be more capable of ‘“‘trapping” specific antigen | 14. 
and therefore manifest an accelerated response. Whatever the ultimate ; 
evidence may turn out to be, both ideas are in consonance with the view 17 
that the polypeptide sequence of different antibodies and normal globulin 18. 
is the same, the different views are concerned only with the manner in 
which the specific complementary coiling and folding is produced. 19. 

Most of the present suggestions concerning the structure of globular 
proteins assume that the peptide chain exists in some type of coiled or 
helical structure whose shape is maintained mainly by hydrogen bonding 99. 
at the peptide bonds. Because the nitrogen of proline in peptide form | 23. 
does not possess a peptide hydrogen, it is unable to form a hydrogen bond 
and there must, therefore, be a discontinuity of the coiled structure at each | 
proline residue. The protein may be visualized then as bundles of helices 
or coils connected by proline residues. Large variations in arrangement 
of the polypeptide coils become possible only if large numbers of proline | 
residues occur in the protein. From this viewpoint, it is worth calling | 
attention to the relatively high proline content of rabbit antibody and of © 
y-globulins in general (20). 


SUMMARY 


The amino acid composition of rabbit antibodies to type I, VII, VIII, , 
and XIV pneumococcus has been determined, mainly by chromatography 
of the hydrolysates on Dowex 50. Within the experimental limitations of | 
the method the composition of the four antibodies is the same. It is sug- 
gested that the present results are consistent with theories of antibody © 
formation which assume that antibodies differ in specific surface configura- 
tion, whereas the amino acid content and peptide sequence are the same. 
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ACTION OF TRIPEPTIDASE ON DIPEPTIDES OF 
APPROPRIATE STRUCTURE* 


By NEIL C. DAVIS anp EMIL L. SMITH 
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Departments of Biological Chemistry and Medicine, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, October 29, 1954) 


The specificity of tripeptidase, an enzyme which catalyzes the hydrolysis 
. of tripeptides, e.g. glycylglycylglycine, has been studied by Smith e¢ al. 
(1-5) and by Fruton and coworkers (6-8). Although this enzyme exhibits 
variations in kinetic behavior depending on the species or tissue from 
which it is derived, the substrate specificity appears to be the same regard- 
less of the source. Tripeptidase is known to hydrolyze only tripeptides 
containing a free primary or secondary a-amino group, a free terminal 
a-carboxyl group, and a peptide hydrogen at the sensitive bond. If opti- 
cally active, the amino acid residue bearing the amino group must be of 
the i configuration. Ellis and Fruton (8) have further concluded that 
calf thymus tripeptidase is specifically adapted to act on peptide chains of 
a particular length characteristic of tripeptides composed of a-amino acid 
residues. 

On the basis of this conclusion, Ziff and Smith (9) have studied the 
inhibition of tripeptidase from rabbit skeletal muscle and calf thymus, by 
a group of compounds which bear a structural similarity to a tripeptide. 
The inhibitors studied included Pyribenzamine, Benadryl, procaine, and 
pronestyl, all of which possess a chain of 8 to 9 carbon atoms, and which, 
like tripeptides, have a positively charged group at pH 7.8. All were 
found to be inhibitory to the action of tripeptidase. 

The present paper supports the conclusion of Ellis and Fruton regarding 
the specificity of the enzyme for substrates of a particular chain length and 
indicates that “dipeptides” such as glycyl-é-amino-n-valeric acid and 
glycyl-p-aminobenzoic acid are also hydrolyzed by equine erythrocyte 
tripeptidase. 

The observation that glycyl-p-aminobenzoic acid but not glycyl-o-ami- 
nobenzoiec acid is hydrolyzed by an extract of hog intestinal mucosa was 
made by Balls and Kéhler (10). They ascribed the hydrolysis to a dipep- 
tidase present in their ‘‘erepsin”’ preparations. Later, Bergmann et al. (11) 
demonstrated that the action was not due to a ‘‘dipeptidase” but to an 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 
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“aminopeptidase.”” Present studies with a purified enzyme preparation 
show that the hydrolysis of the para derivative is due to the tripeptidase. 


EXPERIMENTAL 


Methods—Hydrolysis was measured by the alcohol titration method of 
Grassmann and Heyde (12). Purified tripeptidase from equine erythro- 
cytes (HD3 (5)) was incubated at 40° with the substrate at 0.05 m concen- 


TABLE I 

Hydrolysis of Triglycine and Analogues by Erythrocyte Tripeptidase 
The assays were made as described in the text. Purified equine erythrocyte tri- 
peptidase, HD, (5), was present at 0.024 mg. of protein N per ml. for hydrolysis of 
triglycine, and at 10 times this concentration for the other substrates. 


Time Hydrolysis Ki 


Substrate | 
= 
hrs. per cent 
Triglycine | 0.50 | 29 0.0050 
| 0.75 | 39 0.0048 
| 10 | 48 0.0047 
1.5 | 63 | 0.0048 
SEES | | | 0.0018 0.20 
| 5 34. 0000060 
a 48 0.00053 
| 20 73 0.00048 
Glyeyl-p-aminobenzoie acid 5 | 42 | 0.00020 | 
20 | 27 0.00012 | 


tration in the presence of 0.04 m tris(hydroxymethyl)aminomethane (Tris) _ 
100 per cent hydroly- | 


buffer at pH 7.8. Inhibitors were used at 0.001 M. 
sis represents the scission of one peptide bond. Enzyme activity is ex- 
pressed as the first order proteolytic coefficient, C; = K,/E, where K, is 
the first order rate constant for hydrolysis, calculated in minutes and 
decimal logarithms. # is the enzyme concentration in mg. of protein N 
per ml. of the assay solution. The enzyme stock solution was prepared 
by dissolving a weighed amount of the protein (HDs) in 8 ml. of water and 
the protein N concentration was calculated on the basis of a nitrogen con- 
tent of 16 per cent. The calculated value was also checked by the modi- 
fied Biicher method (13). 
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Results 


The data of Table I show that glycyl-é-amino-n-valeric acid is hydro- 
lyzed at about 1 per cent and glycyl-p-aminobenzoic acid at about 0.3 
per cent of the rate of triglycine by erythrocyte tripeptidase. The data 
of Table II show the effect of four inhibitors on these rates of hydrolysis. 
The same inhibitor decreased the relative activity of the enzyme for each 
of the three substrates to about the same extent; 7.e., cysteine 70 per cent, 
Benadry! 30 per cent, and Pyribenzamine 20 per cent. Cadmium chloride 


TaBLe Il 
Effect of Inhibitors on Erythrocyte Tripeplidase Activity 
Assays were performed as described in the text. The concentration of enzyme 
was 0.024 mg. of protein N per ml. for triglycine and 10 times this level for the other 
substrates. Inhibitors were used at 0.001 m. Each flask was buffered with 0.04 m 
Tris buffer at pH 8.0. 


Substrate Inhibitor | 
per cent 
Triglycine None 0.20 100 
CdCl, 0 0 
Cysteine 0.14 70 
Benadry| 0.05 25 
Pyribenzamine 0.03 15 
Glycyl-é-aminovalerie acid None 0.0020 100 
CdCl, 0 0 
Cysteine 0.0013 65 
Benadry! 0.0007 35 
Pyribenzamine 0.0005 25 
Glyevl-p-aminobenzoie acid | None 0.0007 100 
CdCl. 0 0 
Cysteine 0.0005 71 
Benadryl 0.0002 | 28 


used at the same concentration (0.001 mM) produced complete inhibition 
in all three cases. These results support the view that the three substrates 
are being hydrolyzed by the same enzyme. 

In addition to the chain length of the substrate, other factors may affect 
the rate of hydrolysis. In the susceptible compounds there is probably 
an appreciable difference in the strength of the peptide bond undergoing 
scission. Also, there is probably a variation in the pK values of the free 
basic groups of the three substrates which influences the substrate con- 
centration; 7.e., the concentration of the ionic species which combines with 
the enzyme. Since each of these factors will influence the relative rate of 
hydrolysis of the compounds, explanations of the differences in rate are 
not justified at present. However, on the basis of an “all-or-nothing”’ 
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analysis, there is the feature of ‘‘fit”” between the enzyme and the substrate 
as determined by the distance between the amino and carboxyl groups. 
The data in Tables I and II indicate that the sites of attachment of the 
substrate on the enzyme can adapt to small variations in the chain length 
of the substrate as represented in glycyl-6-amino-n-valeric acid and glycyl- 
p-aminobenzoic acid. This is also suggested by the previous work of 
Smith et al. (3, 5) and Fruton and coworkers (7, 8), which showed that 
glycyl-8-alanylglycine and glycylglycyl-6-alanine are hydrolyzed by tri- 
peptidase. The enzyme has no action on f-alanylglycylglycine; this indi- 
cates a rigid requirement that the free amino group must be a to the sus- 
ceptible peptide bond. 

An interesting feature is that glycyl-6-amino-n-valeric acid and glycyl- 
p-aminobenzoic acid are hydrolyzed by tripeptidase, although both are 
“dipeptides” and do not possess a second peptide bond. This finding does 
not eliminate the possibility that this grouping is a site of interaction of 
the substrate and the enzyme, but indicates that such a grouping is of 
secondary importance. 

Preparation of Peptides 

Glycyl-p-aminobenzoic acid was synthesized by the method of Balls and 
Kohler (10). 

Carbobenzoxyglycyl-6-amino-n-valeric Acid—An ether solution of carbo- 
benzoxyglycyl chloride (prepared from 12.5 gm. of carbobenzoxy glycine) 
and 25 ml. of 2 Nn NaOH were added simultaneously at —5° to a vigor- 
ously shaken solution of 6-amino-n-valeric acid hydrochloride (7.7 gm.) in 
50 ml. of 2 Nn NaOH. The addition required 20 minutes. Additional 4 
N NaOH was added to maintain the mixture alkaline to litmus. The 
preparation was allowed to come to room temperature and the aqueous 
phase withdrawn and acidified to Congo red with 6 N HCl. The com- 
pound crystallized on chilling and scratching. The product was washed 
with water and recrystallized from methanol-water. Yield, 7.5 gm.; m.p., 
116-117°. 


Cy 5. Calculated. C 58.4, H 6.5, N 9.1 
308.3 Found. ** 59.0, “ 6.6, “ 9.0 


Glycyl-b-amino-n-valeric Acid—The carbobenzoxy peptide (4.2 gm.) in 
methanol was reduced in the usual manner with palladium and hydrogen. 
The product crystallized during the reduction and was redissolved by ad- 
dition of hot water. After the catalyst was removed, the product was 
crystallized by concentrating in vacuo and adding ethanol. Yield, 2.0 
gm.; m.p., 203—204° with decomposition. It was recrystallized from water- 
ethanol for analysis. 


CrH4O3Ne. Calculated. C 48.3, H 8.1, N 16.1 
174.2 Found. ** 48.3, “ 8.1, “* 16.0 
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SUMMARY 


Equine erythrocyte tripeptidase hydrolyzes glycyl-6-aminovaleriec acid 
and glycyl-p-aminobenzoic acid at 1 per cent and 0.3 per cent, respectively, 
of the rate of triglycine. These dipeptides can act as substrates of tri- 
peptidase since they possess the required chain length. Inhibition of the 
enzyme by several compounds indicates that the hydrolysis of these sub- 
strates is due to the same enzyme, tripeptidase. 

The synthesis of glycyl-6-aminovaleric acid is described. 
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STUDIES ON THE ACTION OF CARBOXYPEPTIDASE 
ON TOBACCO MOSAIC VIRUS* 
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(From the Department of Biochemistry and the Virus Laboratory, 
University of California, Berkeley, California) 


(Received for publication, August 30, 1954) 


The action of carboxypeptidase on tobacco mosaic virus (TMV) results 
in the exclusive release of threonine from the virus nucleoprotein (1). The 
enzyme-treated virus retains full virus infectivity, and its disease symptoms 
on Turkish tobacco leaves are indistinguishable from those caused by the 
untreated virus. The treated virus, however, does not reproduce in its 
modified form, since treatment of the progeny with carboxypeptidase 
results in the release of the same amount of threonine as one obtains from 
progeny of untreated virus. 

In the present communication additional observations on the nature of 
the enzyme-virus reaction and on the origin of the liberated threonine are 
presented, together with additional data on the chemical, physical, and 
serological properties of the carboxypeptidase-treated virus. The reaction 
of the enzyme with virus which had been subjected to sonic treatment, 
and also with detergent-dissociated virus, has also been studied. On the 
basis of these observations evidence is presented for the occurrence in the 
molecular structure of TMV of a series of repeating fundamental units. 


EXPERIMENTAL 


Virus and Enzyme Preparations—Highly purified preparations of TMV 
were obtained by the standard procedure of differential centrifugation and 
were stored in aqueous solution in the presence of small amounts of added 
toluene to prevent bacterial or mold contamination. Supernatant solu- 
tions resulting from the sedimentation of the virus from such preparations 
were found to be free from ninhydrin-reacting substances (see Spot A, 
Fig. 5). 

' Carboxypeptidase-treated virus (CT) was obtained by treating TMV 
with enzyme until the liberation of its available threonine was complete, 


* This investigation was supported in part by a research grant, C-2162 M and I, 
from the National Cancer Institute, National Institutes of Health, United States 
Public Health Service, and by grants from the Lederle Laboratories Division, Amer- 
ican Cyanamid Company, and the Rockefeller Foundation. 

t Present address, Carlsberg Laboratorium, Copenhagen, Denmark. This work 
was carried out while J. I. Harris was a member of the staff of the Hormone Research 
Laboratory and was supported in part by a grant from the Rockefeller Foundation. 


215 


| 


216 ACTION OF CARBOXYPEPTIDASE ON TMV 


as described below in the section dealing with rate of release of threonine 
from TMV. The treated virus was isolated from the reaction mixture in 
the form of a pellet by means of high speed centrifugation, and subse- 
quently redissolved in distilled water containing a drop of toluene as pre- 
servative; such a preparation (CT) was used to inject rabbits in order to 
obtain CT antiserum. In preparing CT for the electrophoretic experi- 
ments, the virus was subjected to additional cycles of centrifugation in 
order to wash out the trace of enzyme occluded in the virus gel. While 
negligible on a weight basis, this trace of enzyme was sufficient to react with 
TMV when CT and TMV were mixed and dialyzed for several hours i in 
preparation for certain electrophoresis experiments. 

Sonically treated virus, TMV(S), was prepared by subjecting a solution 
of TMV, containing 20 mg. of virus per ml., to vibrations of 9 ke. for 30 
minutes in a magnetostriction oscillator (model S-102A, Raytheon Manu- 
facturing Company, Waltham, Massachusetts). When the virus solution 
was subsequently centrifuged at 40,000 r.p.m. for 15 minutes in the Spinco 
model L ultracentrifuge, a small gelatinous pellet was obtained, and the 
bulk of the material, which remained in the supernatant fluid, was carefully 
separated from the residual pellet. TTMV(S), like the preparation of TMV 
from which it was derived, was composed of rod-like particles of varying 
length as shown in Fig. 1. The size of the rods in these treated prepara- 
tions averaged, however, about one-third that of the intact virus rods. 
The particles resulting from sonic treatment of TMV show no evidence of 
chemical alteration and contain the same proportions of protein and nu- 
cleic acid as the intact virus (2). 

TMV protein, TMV(P), obtained by treating the virus with sodium 
dodecyl] sulfate at pH 8 to 9 and 37° for 24 hours (3), was generously placed 
at our disposal by Dr. H. Fraenkel-Conrat; the absence of N-terminal 
groups in the same preparations has already been reported (4). The prep- 
aration was completely free from virus nucleic acid and was found accord- 
ing to ultracentrifugal analysis to be composed mainly of material whose 
molecular weight is 10,000 to 20,000. 

The carboxypeptidase preparations used for the enzyme experiments 
were obtained as crystalline aqueous suspensions from the Worthington 
Biochemical Sales Company and from the Armour Research Laboratories.’ 
Just before use a portion of enzyme was brought into solution by the addi- 
tion with stirring at 0—-4° of 1 per cent NaHCO, together with a few drops 
of 0.1 n NaOH; an alternate procedure, which seemed to work well, was 
simply to add 0.1 Nn NaOH and to mix at room temperature. The solution 
was further diluted with distilled water to a concentration of about 0.004 
to 0.005 mg. of enzyme N per ml. Crystalline carboxypeptidase may con- 

1 The authors are indebted to Dr. Lawrence L. Lachat of the Biochemical Market 
Development Section for a generous supply of enzyme. 
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tain traces of endopeptidases, but, since these enzymes do not attack 
native TMV, it was not found necessary to pretreat enzyme solutions with 


Fig. 1. Electron micrographs of tobacco mosaic virus (top) and sonically treated 
virus (bottom). The magnification may be calculated by reference to the spherical 
polystvrene latex particles which are about 260 my in diameter. 


an endopeptidase inhibitor such as diisopropyl fluorophosphate (DFP); 
consequently, with TMV and TMV(S) similar results were obtained both 
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with and without DFP. In the case of TMV(P), however, new end- 
groups in addition to threonine were found to be released in experiments 
in which the enzyme had not been treated with a 50-fold excess of DFP 
prior to its addition to the substrate. 

Rate of Release of Threonine from TMV—lIn a typical experiment an 
aqueous solution of a fresh, highly purified preparation of the virus (con- 
taining 3.2 mg. of virus N per ml.) was incubated with an equal volume of 
a carboxypeptidase solution (containing 0.005 mg. of enzyme N per ml.) 


> 
= 
° 
z 
> 50+ 
40+ 
| 
a 
10+ 
= 
“ec 
MINUTES 


Fic. 2. Rate of liberation of threonine from tobacco mosaic virus upon treatment 
with carboxypeptidase at pH 7.0 and 25° and at concentrations of enzyme and virus 
nitrogen of 0.0025 mg. per ml. and 1.6 mg. per ml., respectively. The smooth curve 
was calculated from an integrated form of the Michaelis-Menten equation (6), and 
the circles represent experimentally determined points. The values of the constants 
used in the equetion for the curve are K, = 1.0 K 107° mole per liter and ks; = 0.022 
mole per liter per minute per mg. of enzyme N per ml. 


at pH 7.0 and 25°. Aliquots of the resulting solution were withdrawn at 
suitable intervals during a digestion period of 3 hours and enzyme action 
was stopped by addition of 0.1 n HCl to pH 3.0. After removal of the 
virus by high speed centrifugation, supernatant solutions were collected 
and their threonine content was estimated by microbiological assay (5). 
As shown in Fig. 2, the available threonine is completely released during 
the first 2 hours of reaction, the maximal amount released corresponding 
to 74 y of threonine per 10 mg. of virus. 

If the amount of threonine released (expressed as per cent reaction) is 
plotted against the logarithm of time as described by Fraser and Powell 
(7), the curve shown in Fig. 3 is obtained. When theoretical curves for 
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zero and first order reactions are constructed on the same scale, the rate of 
release of threonine from TMV appears to follow zero order kinetics in the 
initial stages and later to become first order in the region of low substrate 
concentration. Release of threonine from the virus is thus shown to follow 
the course which might be predicted from the classical Michaelis-Menten 
theory for an enzyme-catalyzed reaction at constant enzyme concentration 
(8). 

A direct demonstration of conformity of the TMV-carboxypeptidase re- 
action to the Michaelis-Menten theory is afforded by application of an 
integrated form of the Michaelis-Menten equation (6) as follows: 


k,et = 2.3K,, log og + (ao — a) (1) 


As pointed out by Elkins-Kaufman and Neurath (6), Equation 1 is a com- 
posite first order and zero order expression. When data from the TMV- 
carboxypeptidase reaction are substituted in this equation, which is then 
solved for the constants, and the equation is plotted, the smooth curve 
shown in Fig. 2 is obtained. Application to this plot of experimentally 
determined values for the threonine released from TMV after various re- 
action times results in the fit shown in Fig. 2. The excellence of fit thus 
shown can be considered strong evidence for adherence of the kinetics to 
the Michaelis-Menten theory. The value for K,,, 1.0 X 10-* mole per liter, 
is approximately 10 times that found for synthetic model substrates (9). 

On the basis of the above considerations, an interpretation of the virus- 
enzyme reaction can be made as follows. In the early stages of the reac- 
tion, the effective concentration of the substrate is high; thus, on the 
assumption that each mole of virus nucleoprotein contains approximately 
2900 moles of a reactive subunit, a substrate-enzyme mole ratio of ap- 
proximately 1000:1 will apply. Consequently, in the initial stages of the 
reaction the rate of formation of the virus-enzyme complex is likely to be 
considerably faster than its rate of dissociation and the rate of release of 
threonine; in this event the second right-hand term in Equation 1 would 
predominate; hence the rate of release of threonine from the virus would be 
expected to approach zero order kinetics. 

If, however, as the concentration of TMV diminishes, the rate of forma- 
tion of the virus-enzyme complex becomes considerably slower than the 
rate of its decomposition, enzyme-substrate complex formation becomes the 
rate-determining step; the first right-hand term of Equation 1 will now 
predominate and as a result release of threonine from the virus should 
become a first order reaction at low concentrations of TMV. 

As shown in Fig. 3, these expectations are fulfilled. The rate of release 
of threonine from the virus approximates zero order kinetics in the initial 
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stages of the reaction and subsequently approximates a first order reaction 
as the concentration of substrate becomes small. 


100+ 
4 
S 
80+ 
a 
WwW 
60+ 
5 
40+ 
ar t 
---ZERO ORDER 
| —FIRST ORDER 
| 4 10 40 100 


LOG TIME (MINUTES) 
hig. 3. Rate of release of threonine from TMV expressed as per cent reaction 
against logarithm of time. 


TABLe I 


Effect of Added Threonine on Reaction between Tobacco Mosaic Virus and 
Carbory peptidase 


Threonine released per 10 mg. virus* 


| TMV control + 707 threonine 
20 
4 38 | 37 
20 | 56 | 56 
” | 66 | 67 


* The reactions were run at pH 7 and 25° and at concentrations of 1.6 mg. of virus 
N and 0.0025 mg. of enzyme N per ml. To the reaction mixture represented by the 
last column were also added 70 y of threonine per 1.6 mg. of virus N. The threonine 
was determined by the ninhydrin method (see the text). 


An alternative explanation for the course followed by the carboxypepti- 
dase-TMV reaction is that the threonine released during the reaction be- 
gins to exert an inhibitory effect in the later stages. However, in an ex- 
periment which is summarized in Table I, this did not seem to be the case, 
for the addition of threonine in an amount approximately equivalent to the 
maximum expected had virtually no effect on the general course of the 
reaction. 
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Quantitative Estimation of Threonine—As indicated above, many of the 
threonine determinations were made by means of microbiological assay (5). 
Some determinations were also made by the quantitative ninhydrin method 
of Moore and Stein (10) with threonine as a standard. Finally, in order 
to obtain an accurate and independent check of the amount of threonine 
released in the TMV-carboxypeptidase reaction, the dinitrophenyl (DNP) 
procedure (11) was applied to a supernatant solution obtained as described 
above. 

A 1 ml. aliquot of the supernatant solution from a 3 hour digest of TMV 
was allowed to react with dinitrofluorobenzene (DNFB) at pH 9.0 and 
40° for 90 minutes; excess reagent was removed by extracting the reaction 
solution with ether. The aqueous solution was then acidified to pH 1.0 
with HCl and again extracted with ether to remove the DNP derivative 
(or derivatives) of the products of the carboxypeptidase reaction. The 
combined ether extracts were concentrated in vacuo, and the dinitrophenol 
formed by hydrolysis of DNFB was removed by sublimation; the residue 
was then examined by two-dimensional chromatography on paper (11). 
As expected, only one spot, corresponding to DNP threonine, was obtained. 
The DNP amino acid was eluted with 1 per cent NaHCO; (4 ml.) and the 
optical density of the solution at 360 my was measured in a Beckman 
spectrophotometer. 

In a separate experiment the above procedure was applied to a known 
amount (1 umole) of pure pL-threonine, and the optical density readings of 
such standard solutions were used to calculate the amount of threonine 
(in micromoles) present in supernatant solutions obtained from carboxy- 
peptidase-TMV reaction mixtures. This procedure automatically com- 
pensates for experimental losses, and furthermore an accurate value for the 
molecular extinction coefficient of DNP threonine need not be known. 

In this way it was estimated that 69.2 (+2) y of threonine are released 
from 10 mg. of TMV by the action of carboxypeptidase; this value is in 
good agreement with that of 70 + 4 y obtained by microbiological assay 
on the same solution and is equivalent to 1 threonine residue per unit of 
molecular weight of 17,200 on the basis of a molecular weight of about 
50 & 10° for TMV (12). 

Action of Carboxypeptidase on TMV(S) and TMLV(P)—In order to ob- 
tain further evidence concerning the possible existence of a chemical sub- 
unit in TMV a study was made of the action of carboxypeptidase on disso- 
ciated fragments obtained from TMV by sonic treatment and by the action 
of sodium dodecy! sulfate as described earlier; these procedures as applied 
here are presumed not to break covalent bonds. 

Solutions containing TMV, TMV(S), and TMV(P) (containing the 
equivalent of 20 mg. of virus per ml.) were each mixed with equal volumes 
of a carboxypeptidase solution (containing 0.064 mg. of enzyme per ml., 
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which had been pretreated with a 50-fold excess of DFP at room tempera- 
ture). The TMV and TMV(S) reaction solutions were maintained at pH 
7.0, but the TMV(P) solution was allowed to react at pH 8.0 in order to 
keep the substrate in solution during the course of the enzyme reaction. 
Aliquots of the respective reaction solutions were withdrawn at suitable 
intervals during a 4 hour digestion period and enzyme action in each ali- 
quot was terminated by the addition of 0.1 N HCl to pH 3.0. TMV and 
TMV(S) were removed by high speed centrifugation and the threonine 
content of the supernatant solutions was estimated by microbiological 
assay. Although TMV(P) did not form a pellet in the ultracentrifuge, 
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Fic. 4. Rates of liberation of threonine from TMV, TMV(S), and TMV (P). The 
reactions were run at 22° and at pH 7 except for TMV(P), which was held at pIl 8. 
The reaction mixtures contained 10 mg. of substrate and 0.032 mg. of enzyme per ml. 
and the enzyme was pretreated with a 50-fold excess of diisopropyl! fluorophosphate. 


assay for threonine was successfully performed in the presence of the pro- 
tein substrate. The results showing the rates of release of threonine from 
the three substrates are presented in Fig. 4. 

Release of threonine from TMV was complete after 1 hour and, as ex- 
pected, amounted to 67 (+3) y from 10 mg. of virus. From the sonically 
treated virus, threonine was released at a slower rate, but after about 2 
hours reached a maximal value of 66 (+3) y from 10 mg. of TMV(S). In 
the case of TMV(P) the reaction rate was still slower despite the fact that 
the reaction was carried out at a pH which is considered nearer the optimum 
for the action of the enzyme. Thus, a maximum corresponding to 67 + 
3 y of threonine from 10 mg. of substrate was reached with TMV(P) only 
after 4 hours of digestion. 

For paper chromatographic studies aliquots of the supernatant solutions 
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taken after 3 hours digestion, and corresponding to about 5 mg. of virus, 
were freed from residual protein by the ‘‘molecular sieve” procedure (13, 
14). Thus after high speed centrifugation the supernatant solutions were 
shaken mechanically for 1 hour with Amberlite IR-120 resin in the Ht 
form; the protein solutions were removed by means of a pipette, and the 


THREONINE 


ic. 5. Chromatogram obtained with supernatant solutions from carboxypepti- 
dase-treated virus preparations with butanol-acetic acid-water, 4:1:5, as the de- 
veloping solvent and Whatman No.1 paper. Spot A, TMV control, without enzyme; 
Spot B, TMV-carboxypeptidase; Spot C, threonine; Spot D, TMV(P)-carboxypepti- 
dase; Spot E, TMV(S)-carboxypeptidase. 


residual resin was washed several times with distilled water to remove last 
traces of protein. The resin was then eluted with 5 N NH,OH and aliquots 
of the ammonia eluates were chromatographed on Whatman No. 1 paper 
with butanol-acetic acid-water (4:1:5) as the developing solvent. As 
shown in Fig. 5, threonine exclusively is released from all three substrates, 
indicating that no new C-terminal groups are revealed in the virus molecule 
after sonic or detergent treatment. 

Effect of Elevated Temperature on Carboxypeptidase-T MV Reaction—In 
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order to test the possibility that more threonine or that other amino acids 
might be released from TMV by carboxypeptidase at an elevated tempera- 
ture, duplicate reactions were run at 23° and 37°. The relative concen- 
trations of enzyme and virus and other conditions were those previously 
described. 

Paper chromatography of the supernatant fluids from the reaction mix- 
tures showed threonine to be the only amino acid present in significant 
amount in either case. Quantitative analysis of the threonine, made by 
the ninhydrin method of Moore and Stein (10), gave identical values for 
the supernatant fluids at 23° and 37°, namely, the equivalent of 66 y of 
threonine per 10 mg. of virus. : 

In other experiments made in this laboratory,? elevated temperature, | 
10 times the concentration of enzyme, and several times the reaction period | 
were employed, still without appreciably changing the outcome. , 

These results further strengthen the conclusion that threonine is the 
only product of the reaction of carboxypeptidase on TMV and that the 
maximal amount of threonine is released under the mild conditions used ( 
in most of our experiments. 


Influence of Host on Nature of C-Terminal Groups of TM V—In order to ( 
investigate the possibility that the threonine released from TMV by the ] 
action of carboxypeptidase might represent an unusual type of impurity I 
associated with the culture of the virus in Turkish tobacco, highly purified 
preparations of TMV were obtained from Turkish and white Burley i 
tobacco and from phlox plants. Each preparation was treated with car- t 
boxypeptidase at pH 7 to 7.5 for 2 hours at room temperature. After t 
removal of the virus by high speed centrifugation, the supernatant fluids t 
were assayed for threonine in the usual manner. By using two separate a 
preparations of each, values of 65 and 61, 61 and 58, and 61 and 63 ¥ of 0 
threonine® per 10 mg. of virus were obtained for TMV from Turkish to- C 
bacco, white Burley tobacco, and phlox, respectively. From these results p 
it can be concluded that the C-terminal threonine associated with TMV is ti 
characteristic of the virus and not of the host from which the TMV is sl 
obtained. W 

Effect of Endopeptidases on Carboxypeptidase-Treated TM V—Although it © 
is well known that trypsin and chymotrypsin do not attack native TMV, it T 
seemed of interest to investigate whether the virus becomes more sus- s} 
ceptible to proteolytic degradation after its initial reaction with carboxy- in 
peptidase. th 

Virus which had undergone complete reaction with carboxypeptidase fr 


? Dr. H. Fraenkel-Conrat, personal communication. 

’ These results are slightly low, presumably owing to decreased activity of the 
enzyme preparation used, since other experimental evidence also indicated this to re 
be the case. au 


J. I. HARRIS AND C. A. KNIGHT 225 


was adjusted to a pH of 7.5 and treated with crystalline trypsin and 
chymotrypsin, respectively. Each reaction mixture contained 10 mg. of 
CT and 0.01 mg. of enzyme, and the reaction was allowed to proceed at 
room temperature (22°) for 6 hours. CT was removed from the reaction 
solutions by centrifugation at 40,000 r.p.m. for 1 hour and the supernatant 
fluids were withdrawn, concentrated, and chromatographed on paper with 
butanol-acetic acid-H2O (4:1:5) as the developing solvent. No ninhydrin- 
reacting material was detected; hence it is concluded that CT, like native 
TMV, is not susceptible to hydrolysis by trypsin and chymotrypsin. 

Physicochemical Properties of Carboxypeptidase-Treated TM V—Prepara- 
tions of TMV and CT were kindly examined in the electron microscope 
by Dr. R. C. Williams using the spray droplet technique in preparation of 
the mounts (15). The electron micrographs obtained showed nothing 
distinctive in the morphology of the CT particles, since the bulk of the 
material was represented by rod-like particles about 300 my in length with 
shorter and longer rods each present in approximately the same numbers 
commonly observed in purified preparations of TMV. 

The sedimentation behavior and electrochemical properties of TMV and 
CT in 0.1 M cacodylate buffer at pH 6.8 were kindly investigated by Dr. 
H. K. Schachman, using the Spinco model E centrifuge and the Perkin- 
Elmer and Spinco electrophoresis apparatus. 

Both the ultracentrifuge patterns and the sedimentation coefficients were 
in agreement with the results of electron microscopy in indicating that 
treatment of TMV with carboxypeptidase effects no substantial change in 
the size, shape, or density of the virus particles. The individual prepara- 
tions of TMV and CT exhibited single boundaries in the electrophoresis 
apparatus in a sodium cacodylate-cacodylic acid buffer at an ionic strength 
of 0.1 and pH 6.9. Although the electrophoretic mobilities of TMV and 
CT were similar, —7.4 and —7.9 cm. per second per volt 
per cm. for TMV and CT, respectively, resolution was obtained, as illus- 
trated in Fig. 6, when the two were studied in a mixture. These results 
show that treatment of TMV with carboxypeptidase leads to a material 
with greater electrophoretic mobility at pH 6.9. 

Serological Properties of Carboxypeptidase-Treated TM V—Antisera to 
TMV and CT were obtained by subjecting rabbits to a course of eight 
spaced intravenous injections. A total of 58 mg. of each substance was 
injected into the appropriate rabbit. About 5 days after the last injection, 
the rabbits were bled by cardiac puncture and the sera were separated 
from the clotted blood. Four rabbits were employed, two for each antigen. 

Strong reactions and cross-reactions were observed in precipitin tests 
with the various sera and antigens, thus demonstrating strong serological 
relationships. In order to detect possible qualitative differences in the 
antigens, TMV and CT, as reflected in their antisera, cross-absorption ex- 
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periments were performed under conditions similar to those previously de- 
scribed (16, 17). 


Fic. 6. Electrophoretic patterns of a mixture of tobacco mosaic virus, 1.0 mg. per y 
ml., and carboxypeptidase-treated virus, 1.5 mg. per ml., in a sodium cacodylate- ! 
cacodylic acid buffer at ionic strength 0.1 and pH 6.95. The picture is a composite V 
one in which three separate photographs are superimposed. The boundaries are a 
moving to the left and the pictures were taken 140, 185, and 240 minutes, respectively, n 


after the start of the experiment. The field strength was 4.0 volts per cm. t 
a 
TABLE II t 
Precipitation of TMV and CT with Absorbed Antisera li 
Precipitin tests with absorbed sera 
TMV CT 
TMV CT _ re 
CT TMV +++ 
* + degree of precipitation at the optimum; —, no precipitation. The precipi- be 
tin tests were made at five different concentrations of antigen ranging from 0.006 of 
to 0.1 mg. in 0.1 ml. to which 0.1 ml. of antiserum was added. 

of 
As shown in Table II, the cross-absorption tests clearly indicate a sig- tc 

nificant difference between the antigenic properties of TMV and CT, for, 
after maximal removal of antibodies by the heterologous antigen, a specific lal 
precipitate was still obtained in the homologous reaction. th 


Effect of Dilute Acid and Alkali on TM V—A possibility arising from the pa 
apparent absence of any significant number of N-terminal groups in TMV 
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(4) is that TMV is made up of cyclic peptide chains and that the threonine 
residues removed by carboxypeptidase do not really represent C-terminal 
groups, but rather are side chain residues which are linked in the virus 
either singly or as polythreonine chains to y-carboxyl groups of glutamic 
acid residues. ‘To test these possibilities, the stability of TMV at pH 2.8 
and 11 was investigated.‘ 

An aqueous solution of TMV (2 ml., containing 10 mg. of virus per ml.) 
was brought to pH 2.8 with 0.1 nN HCl and kept at 100° for 1 hour. The 
coagulated virus was centrifuged at 20,000 r.p.m. for 1 hour, and the super- 
natant solution was separated from the pellet of denatured virus. 

A similar solution of TMV was brought to pH 11 with 0.1 nN NaOH and 
heated at 100° for 1 hour. The solution remained clear and no pellet was 
recovered after centrifugation at 20,000 r.p.m. for 1 hour; in order to sepa- 
rate degradation products of low molecular weight the solution was sub- 
jected to the ‘‘molecular sieve” resin procedure already described. 

The supernatant solution at pH 2.8 and the material adsorbed by the 
resin from the solution at pH 11 were chromatographed on Whatman No. 
1 paper in butanol-acetic acid-water (4:1:5). By this means, aspartic acid 
was found to be the only amino acid released from the virus at pH 2.8 
and 100°,° while at pH 11 small amounts of free serine, glycine, and threo- 
nine could be detected. Their combined amount, however, represents less 
than 5 per cent of the threonine which would be released from an equiv- 
alent amount of virus under the action of carboxypeptidase. In view of 
these results, the presence of polythreonine units or of y-glutamy] peptide 
linkages in TMV is considered to be unlikely 


DISCUSSION 


In our preliminary communication (1) it was reported that approxi- 
mately 80 y of threonine were released from 10 mg. of TMV by the action 
of carboxypeptidase. However, more extensive studies, also involving 
reevaluation of threonine standards, have yielded a revised value reported 
herein of 69 (+2) y of threonine per 10 mg. of virus. On this basis it may 
be calculated that 2900 (+100) residues of threonine are released per mole 
of TMV, assuming a molecular weight of 50,000,000 for the virus. 

By analogy with the action of carboxypeptidase on synthetic substrates 
of known chemical structure (9), and in view of its successful application 
to the C-terminal group analysis of several protein substrates (21), it is 


‘These conditions were chosen because 7-peptide linkages are known to be more 
labile to acid than normal a-peptide bonds (18) and because it would be predicted 
that polythreonine would behave similarly to polyserine which has been shown to be 
particularly labile in alkaline solution (19). 

* The release of aspartic acid upon treatment with dilute acid has also been noted 
with other proteins (20). 
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reasonable to assume that the threonine residues released from the virus 
represent the C-terminal amino acids of a corresponding number of poly- 
peptide chains in the virus molecule. Accordingly, it may be postulated 
that each constituent peptide chain represents a chemical subunit, of mo- 
lecular weight 17,000, within the virus molecule. If a fundamental sub- 
unit is calculated on the basis of 1 cysteine residue per peptide chain’ of 
the virus, a value of approximately 18,000 is derived for its molecular 
weight. The presence of such a repeating subunit in the virus molecule is 
also consistent with the results of x-ray diffraction studies (22, 23), which 


indicate a great degree of regularity in the virus structure and the presence ‘ 


of regular repeat units. 

Although the precise molecular size of the protein moiety obtained by 
treating TMV with sodium dodecyl] sulfate is not known, the material ap- 
pears to behave like a protein of low molecular weight (3); in fact, prelim- 
inary data from this laboratory indicate that it has a molecular weight in 
the range of 10,000 to 20,000 (4). A molecule of this size is compatible 
with the calculated subunit proposed above, and, further, the fact that 
threonine is released from such a protein preparation in an amount which 
corresponds to | mole of threonine per unit of molecular weight 17,000 
provides strong support for the concept that the virus molecule is com- 
posed of a series of repeating fundamental units. 

Additional support for the subunit is provided by the kinetics of the 
virus-carboxypeptidase reaction, which by conformity to the Michaelis- 
Menten theory indicate a uniformity of the threonine released and hence 
imply an origin from identical subunits. 

The fact that TMV is dissociated by treatment with sonic vibrations 
and by detergents indicates that the structural units of TMV are probably 
held together by relatively weak bonds such as hydrogen bridges. This 
view is strengthened by the present findings because no new C-terminal 
groups appear to be created by sonic and detergent treatments of the vi- 
rus,® and in all cases essentially the same quantity of threonine is released 
per unit weight of virus. 

The nature of the amino acid residues which occur adjacent to C-ter- 
minal threonine in the virus molecule has not been established, but it 
appears that the residual structure resulting from the enzymatic cleavage 
of threonine does not meet the conditions required for the continued action 


6 Tt is possible that the reaction observed with TMV is not due to carboxypeptidase 
but to a contaminating enzyme not susceptible to inhibition by diisopropy! fluoro- 
phosphate. However, the few anomalous reactions reported with carboxypeptidase 
so far (21) have proved to be inhibited by DFP, and we feel that the idea of a contami- 
nant is a rather unlikely explanation of the pronounced reaction observed with TMV. 

7 Cysteine is the amino acid which occurs in least amount in TMV (5). 

8 Likewise, no N-terminal groups appear to be produced in detergent -treated virus 


(4). 
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of carboxypeptidase. Some of the specificity requirements of this enzyme 
have been established by studies on synthetic substrates (9), but it has 
become apparent from recent studies on proteins and polypeptides (21, 24, 
25) that the specificity of carboxypeptidase is dependent not only on the 
nature of the amino acid sequences but also on over-all environmental 
conditions. Nevertheless, by analogy with the B chain of insulin, in which 
alanine is the only amino acid released from the terminal sequence .. . 
Pro.Lys.Ala, an analogous sequence (viz. ...Pro.Lys.Thr) can be postu- 
lated to explain the specific release of threonine from TMV.? 

The observed changes in serological specificity and in electrophoretic 
mobility of the carboxypeptidase-treated virus both indicate a significant 
alteration of the surface chemistry of the virus, and it seems likely that 
determination of the actual nature of the penultimate residues in TMV will 
contribute something to the understanding of both electrophoresis and 
serology. 

The present structural impasse with TMV illustrates the limitations of 
the carboxypeptidase method for the elucidation of amino acid sequences 
from the carboxyl end of polypeptide chains. An unequivocal answer to 
this question must await the development of other methods applicable to 
stepwise degradation from the carboxy] end. 

Finally, in considering the peptide chains of TMV, it is apparent that 
the C-terminal end is only half the picture. The N-terminal groups of 
TMV and its dissociated protein moiety have been sought by the DNFB 
and phenylisothiocyanate procedures (4). No appreciable amounts of 
such groups, however, were found in any of the preparations studied; 
furthermore, the e-amino groups of the lysine residues in the virus appear 
to account for its total amino nitrogen content when estimated by the Van 
Slyke procedure (26). In view of these findings it was postulated (4) that 
the a-NH» groups of the N-terminal residues in the virus molecule may be 
masked by combination with the w-carboxyl groups of aspartic and glu- 
tamic acid residues, thus forming 6-shaped peptide chains containing C-ter- 
minal threonine. <A similar hemicyclic structure has been proposed for 
tropomyosin by Bailey (27). 


The authors are indebted to Dr. Arthur B. Pardee for helpful suggestions 
concerning the kinetic aspects of this investigation. 


SUMMARY 


The action of carboxypeptidase on tobacco mosaic virus (TMY), soni- 
cally treated TMV, and detergent-treated TMV has been investigated. 


® Evidence has recently been obtained by Dr. Niu and Dr. Fraenkel-Conrat. of 
this laboratory, using a hydrazinolysis technique, that the actual sequence is ... 


Pro.Ala.Thr. 


y | 
- 
e 
t 
| 
e | 
Ss | 
y | 
is 
d 
it | 
re 
n | 
se 
se 


230 ACTION OF CARBOXYPEPTIDASE ON TMV 


In all cases, threonine exclusively is released as a result of the enzymatic 
action. The maximal amount of threonine released is found to be the 
same for all three types of virus preparations, although the rates of release 
are different. The reaction with TMV is also shown to conform to the 
Michaelis-Menten theory for an enzyme-catalyzed reaction at constant 
enzyme concentration. 

The biological properties, and the size, shape, and density of the car- 
boxypeptidase-treated virus are found to be indistinguishable from those 
of the untreated virus. However, the electrophoretic mobility and the 
serological properties of the treated virus are demonstrably different. 

From quantitative determination it is calculated that 2900 (+100) thre- 
onine residues are released from TMYV by the action of carboxypeptidase, 
and it is concluded that these represent the C-terminal groups of an equal 
number of peptide chains in the virus structure. From these, and other 
considerations, it is concluded that TMV is comprised of about 2900 sub- 
units, each having a molecular weight of approximately 17,000. 
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THE ACTION OF CARBOXYPEPTIDASE ON STRAINS 
OF TOBACCO MOSAIC VIRUS* 
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(Received for publication, August 10, 1954) 


In studies on the chemistry of virus mutation, thirteen strains of tobacco 
mosaic virus (TMV) have been characterized with respect to their protein 
and nucleic acid constituents (1-4). <A possible chemical basis for virus 
mutation was provided by the finding that mutant strains of TMV can 
differ in amino acid content, whereas they seem not to differ in the com- 
position of their nucleic acids. However, no chemical differences were 
found between some strains, and, while this may be attributable to a need 
for refining the analytical tools, it is also possible that these strains differ 
only in certain structural features not reflected in their compositions. 

In this connection, it was recently found (5, 6) that the enzyme, car- 
boxypeptidase, releases specifically from TMV about 2900 residues of 
threonine per mole of virus, from which it was concluded that threonine is 
the primary carboxy] terminal (C-terminal) residue of the native virus and, 
by combination with other data, that the virus is made up of about 2900 
peptide chains representing subunits of the virus having a molecular weight 
of about 17,000. As indicated above, it was noted that carboxypeptidase 
does not digest along the peptide chains of TMV, but stops sharply after 
removal of threonine. Since these results appear to distinguish TMV 
from most proteins tested thus far (7), it seemed desirable to examine for 
such structural features all of the strains of TMV which had previously 
been analyzed for protein and nucleic acid components. The results of 
this investigation, together with preliminary data obtained on other plant 
viruses, are the subject of this report. 


EXPERIMENTAL 


Virus Preparations—Highly purified preparations of the various strains 
of TMV and other plant viruses were obtained from appropriate plants 
by the customary procedure of differential centrifugation (1, 4, 8, 9). 
Aqueous solutions of such preparations were used in the reaction with 
carboxypeptidase. 

Consistent results were obtained only with strictly fresh virus prep- 


* This investigation was supported in part by a research grant, C-2162 M and I, 
from the National Cancer Institute, National Institutes of Health, United States 
Public Health Service. 
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arations, for older preparations tended to develop bacterial growth, which, ca 
even though slight, frequently led upon treatment with carboxypeptidase ge 
to release of amino acids which were not observed with freshly prepared te: 
virus. This effect could not always be abolished by repurifying the virus, | co 
e.g. by differential centrifugation. ‘This suggests the possibility that some op 


bacteria may possess enzymes capable of altering the structure of TMV 
and other viruses, although it is also possible that autolysis of bacteria 
could release protein material which had sedimentation characteristics simi- 
lar to those of the virus and which was susceptible to the action of carboxy- 
peptidase. In any case, erratic results were frequently obtained when old one 
preparations of the viruses were treated with carboxypeptidase; hence 
fresh, highly purified preparations were employed in the major part of 


these studies, although, in a few instances, older preparations which had ~ 
been preserved with toluene were used. nt 4 

Reaction with Carboxypeptidase—The conditions for the enzyme reaction GA 
were in most cases similar to those previously described (5, 6); 7.e., the YA 
reaction was carried out at about pH 7.5 and approximately 25° for 2 to HR 
8 hours with about 1.6 mg. of virus N and 0.004 mg. of enzyme N per ml. “a 


The carboxypeptidase used was an aqueous suspension, crystallized three BS 
times, obtained from the Worthington Biochemical Sales Company, Free- BA. 
hold, New Jersey. In some instances the reactions were run after incuba- Sl. 


tion of the enzyme with an inhibitor such as diisopropyl fluorophosphate 82. 
or tetraethyl pyrophosphate (10) to preclude activity of traces of endo- | - 
peptidases. With strains of TMV and most of the plant viruses except | = + 
potato virus X, this precaution was unnecessary, owing to the well known the 
resistance of these viruses to trypsin and chymotrypsin. At the end of the bers 
reaction period, the viruses were removed from the reaction mixtures by a 


centrifuging at 40,000 r.p.m. for 1 hour in the Spinco model L ultracentri- 
fuge. The supernatant fluids were carefully drawn off down to the level 
of the virus pellets and analyzed. 

Analyses of Digestion Products—Qualitative analyses of the reaction Q 


mixtures after removal of substrate were made by means of paper chroma- stra 
tography following an approximate 60-fold concentration of aliquots of the Phre 
supernatant fluids. Concentration was achieved either by lyophilization § “© 
or by evaporation to dryness in a stream of nitrogen. In either case the | from 
residue was dissolved in a small volume of water and 1 to 20 ul. aliquots | “™ 
were applied to Whatman No. 1 paper for chromatography in phenol- As 
water or in butanol-acetic acid as previously described (5, 11). treat 

On the basis of the results of the qualitative tests for amino acids, quan- 1d 
titative analyses were made either by microbiological assay (4) or by appli- — - = 


cation of the photometric ninhydrin method of Moore and Stein (12). 
Tests for Biological Activity of Carboxypeptidase-Treated Viruses—The 


dues 
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carboxypeptidase-treated viruses were removed from the enzymatic di- 
gestion mixtures by high speed centrifugation and after resuspension were 
tested on appropriate plant hosts by rubbing a leaf or two with dilutions 
containing approximately 10-° gm. of virus per ml. The symptoms devel- 
oping in the inoculated plants were noted. 


TABLE I 
Maximal Yields of Threonine Obtained from Strains of Tobacco Mosaic 
Virus by Reaction with Carborypeptidase at 25° (Approximately 
1 Part of Enzyme N Per 400 Parts of Virus N) 


Virus strain Threonine, y per 10 mg. virus 


* The values are averages of two or more determinations made in most cases by 
the quantitative ninhydrin method, although for TMV approximately equal num- 
bers of analyses were made by this means and by microbiological assay. In the case 
of TMV twenty-three determinations were made on nine different preparations of 
virus and the standard deviation calculated was 5. 


Results 


Qualitatively and quantitatively, tobacco mosaic virus and twelve of its 
strains reacted with carboxypeptidase in essentially the same manner. 
Threonine and only threonine was detected in the enzymatic digests in all 
cases. An average of 65 y of threonine per 10 mg. of virus was released 
from TMV, and the average values obtained for twelve strains of TMV, 
as indicated in Table I, were very similar in magnitude. 

As illustrated in Table II, the behavior of other plant viruses when 
treated with carboxypeptidase differed in two major respects from TMV 
and its strains: (1) several different amino acids were evidently released as 
a consequence of treatment with the enzyme (it was not determined which 
of these represented primary (C-terminal groups and which adjacent resi- 
dues) and (2) the sum of all the amino acids released for a given weight of 
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virus was considerably smaller in all cases than the quantity of threonine 
obtained from a comparable weight of TMV. 

The differences between cucumber viruses 3 and 4 and the tobacco mo- 
saic group were especially striking in view of the common consideration 
that these cucumber viruses are strains of TMV. The primary C-terminal 
group of the cucumber viruses appears to be alanine rather than threonine, 
for about 80 per cent of the amino acid released in a 6 hour treatment with 
carboxypeptidase was found to be alanine. This point was established 
from a combination of the paper chromatography results, the data from 


Il 
Reaction of Some Plant Viruses with Carborypeptidase 
| | 
| oon oe | Amino acids identified as reaction products by paper 
| 
Virus | | chromatography 
mg. virus® 


— 


65 Threoninet 

9 | Alanine, aspartic acid, glutamic acid, leucine,} 
threonine, valine 

3 Alanine, leucine, valine 

5 


| 
Tobacco mosaic...... 


Southern bean mosaic. 
Tomato bushy stunt. 7 
Tobacco ringspot... : 
Cucumber 3 and 4... 5 


| 
| Valine, leucine, alanine 

| Serine and possibly arginine 

— Alanine, leucine, phenylalanine, valine 


* Determined as amino nitrogen by the quantitative ninhydrin reaction and ex- 
pressed in terms of threonine. The reactions were run at about pH 7.5 and at 25° 
for 6 hours with about 1.6 mg. of virus N and 0.004 mg. of enzyme N per ml., the en- 
zyme having been previously treated with tetraethyl pyrophosphate. 

+ The amino acids identified as major spots are italicized. 

t Or isoleucine in all cases in which leucine is listed. 


amino nitrogen determinations, and the figures obtained in microbiological 
assays for alanine. 

As judged by the symptoms produced on the usual hosts, none of the 
viruses was substantially affected by treatment with carboxypeptidase, for 
the symptoms produced in each case upon inoculation with suitable dilu- 
tions of the treated virus were indistinguishable from those obtained with 
untreated virus. 

DISCUSSION 

It might have been supposed from the diverse protein compositions of 
some of the strains of TMV (1, 4) that these viruses would differ in their 
peptide structures, and particularly in the nature of their C-terminal resi- 


dues. However, this does not seem to be the case, for all thirteen strains 
examined appear to have only threonine as the C-terminal residue and, 
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furthermore, probably have similar structures adjacent to the threonine 
in view of the fact that carboxypeptidase action on these strains stops in 
every case after release of the threonine. 

While it would not be justified to conclude that the occurrence of C- 
terminal threonine is a unique feature of TMV and its strains, it is clear 
that this structural feature distinguishes the TMV family from the few 
other plant viruses tested thus far. In fact, generalizing from the present 
data it appears that it can be considered a chemical indication of strain 
relationship when viruses are found to contain the same numbers and type 
of C-terminal residues. (Another chemical marker of strain relationship 
recently proposed is that strains of a virus will have the same quantity of 
nucleic acid and that their nucleic acid compositions will be identical (13).) 

In addition to the close similarity of TMV strains with respect to C-ter- 
minal groups, it should be pointed out that other fundamental structural 
inferences can be drawn. In the case of TMV, evidence has been adduced 
to support the idea of a fundamental subunit in the virus structure (6, 13). 
The existence of this unit and its size have been deduced from x-ray stud- 
ies, content of the limiting amino acid, cysteine, and the number of C-ter- 
minal residues. Calculations from these data indicate the presence of a 
subunit with a molecular weight of approximately 17,000.!_ Actual chemi- 
cal subunits obtained by treating the virus with hydrogen bond-breaking 
reagents are of a size consistent with the calculated unit (14). Admittedly, 
the present data do not permit the conclusion that all strains of TMV con- 
tain precisely the same number of C-terminal residues; nevertheless, it is 
clear that the strains examined (Table I) contain very similar if not identi- 
cal numbers of such residues. Therefore, it can be postulated that strains 
of TMV contain the same number of chemical subunits of approximately 
the same size, and that this is a characteristic structural feature of virus 
strains. Support for this hypothesis is provided by the observation that 
all strains of TMV examined contain the same quantity of cysteine, which, 
on the assumption of 1 cysteine residue per subunit, leads to a calculated 
subunit which is close in size and number to that computed from the C- 
terminal data. These structural similarities seem especially significant 
when the strain, HR, is compared with TMV, for these two strains are 
grossly different in proportions of most of their constituent amino acids. 

The C-terminal analyses reported for plant viruses other than the TMV 


'This value was calculated from the maximal amount of threonine released by 
carboxypeptidase from a standard amount of virus in a carefully conducted kinetic 
experiment following which the threonine was determined by three independent types 
of analysis (6). If the average value given for TMV in Table I is used, the calculated 
subunit comes out about 18,000, but, since the data in Table I represent a heterogene- 
ous set of conditions and less rigorously controlled experiments, the value given above 
is considered a better estimate. 
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group must be considered only indicative of what may be found in more 
detailed studies with varied conditions, because the present experiments on 
these viruses were conducted solely on a comparative basis with TMV and 
its strains. If higher enzyme concentrations, higher temperatures, and 


longer reaction times are employed, the picture may change for the other 


plant viruses, although the situation for TMV is virtually unaffected by 
such variations in conditions (6). In any case, under the present moderate 
conditions, evaluation of the carboxypeptidase reaction for the non- 
TMV viruses was rendered difficult by the multiplicity of the products 


of the enzymatic action and their low concentrations. 

Incidentally, the character of the carboxypeptidase results indicates 
that the C-terminal groups of plant viruses are not vitally concerned per se _ 
in their capacity to infect, since infectious quality was unimpaired by 
treatment of the strains with the enzyme. Furthermore, it might be in- 
ferred that the nature of the C-terminal groups has little or no effect on the 
type of symptoms induced in the host, since removal of the primary 
C-terminal groups from the TMV strains and from other plant viruses has ' 
no apparent effect on the symptoms caused in the usual host. However, 
so little virus gets into the host cells to initiate infection that the pathologi- 
cal effects are likely due directly or indirectly to the progeny, and, in the 
case of TMV, it will be recalled that the progeny of carboxypeptidase- 
treated virus were found to have the C-terminal characteristics of the un- 
treated virus (5). Another way of summarizing these results is to say that © 
the hereditary centers of these viruses are apparently unaffected by treat- 
ment with carboxypeptidase. 


SUMMARY 


Each of thirteen distinctive strains of tobacco mosaic virus was treated 
with carboxypeptidase and it was found that essentially the same quantity 
of threonine, and nothing but threonine, was split from each as a result of 
the enzymatic treatment. In contrast, smaller quantities of several amino 
acids were split from potato X, southern bean mosaic, tomato bushy stunt, : 
and tobacco ringspot viruses and from cucumber viruses 3 and 4. From 
the results obtained it appeared that the number and type of carboxy]- 
terminal residues were characteristic of a given virus and hence were the 
same for all strains of that virus. Since strains of tobacco mosaic virus 
appear to contain the same number of carboxyl-terminal residues, namely : 
about 2900, it was concluded that they are also probably composed of the 
same number of chemical subunits. 
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AN ADAPTATION OF THE FLOYD-LAVINE PROCEDURE FOR 
THE ISOLATION OF METHIONINE TO TRACER WORK* 


By SIDNEY WEISS, ETHEL I. ANDERSON, PENG TUNG HSU, ano 
JAKOB A. STEKOL 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, October 21, 1954) 


Floyd and Lavine (1) reported a procedure for the isolation of methio- 
nine from protein digests as the methionine methylsulfonium bromide. 
The method was based on the observation (2) that methionine, on diges- 
tion in 16 to 18 N H.SO, in the presence of methanol, is quantitatively 
converted to methionine methylsulfonium salt. Before applying the pro- 
cedure to the isolation of methionine from tissues of animals which were 
given various radioactive precursors of methionine, it appeared desirable 
to establish that the methyl group of methionine and of methionine methyl- 
sulfonium salt is not subject to exchange with the methyl of methanol 
when the latter is present in excess in the sulfuric acid digestion mixture. 
It was also deemed necessary to ascertain that the methionine methyl- 
sulfonium salt, isolated from animal tissues, is chromatographically pure. 
In the course of this investigation it was observed that cystine, cystathio- 
nine, cysteine, and homocystine, on digestion with sulfuric acid in the 
presence of methanol, form a compound or compounds which are precipit- 
able with phosphotungstic acid together with the methionine methylsul- 
fonium salt formed from methionine at the same time. However, the 
phosphotungstates obtained from cystine, cysteine, cystathionine, and 
homocystine are separated from the phosphotungstate of methionine 
methylsulfonium by virtue of a much greater solubility of the former in 
ethanol. Homocysteine does not form a thiolactone in strong sulfuric 
acid (3), and hence, in the presence of methanol, it will be methylated to 
methionine methylsulfonium salt. However, as far as we know, homo- 
cysteine has not been detected in animal proteins, and the interference by 
homocysteine with methionine isolation from protein digests does not pre- 
sent a serious problem. Homocysteine thiolactone readily forms phos- 
photungstate salt, but the latter, if present, is removed in the first treat- 
ment of the deacidified protein digest with phosphotungstic acid. 


* This work was aided in part by grants from the National Cancer Institute, 
National Institutes of Health, and from the United States Atomie Energy Com- 
mission. The isotopic material was obtained on allocation from the United States 
Atomic Energy Commission. 
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The principle of the procedure described below is that of Floyd and 
Lavine (1). It differs from that described by these authors in manipula- 
tive details which are essential for the successful isolation of the sulfonium 
salt from animal protein digests in pure form and in good yields, and for 
this reason it is described here in full. We are indebted to Dr. T. F. 
Lavine and Mr. N. F. Floyd for making their procedure available to us 
before its publication. An account of the present work has been pre- 


sented (4). 
EXPERIMENTAL 


Preparation of Animal ‘‘Proteins’’—Intact rats, mice, or chicks, or the 
organs of these animals were used. After the hides and feathers were 
removed, the entire animal (or the organs) was ground up and extracted 
with boiling ethanol, followed by ethyl ether. The alcohol-ether extracts 
were set aside for the isolation of phospholipides, choline, creatine, and 
cholesterol. The lipide-free material was extracted with 10 per cent NaCl 
solution at 85° for 6 hours to remove the nucleic acids. The saline-ex- 
tracted material was extracted with several portions of 6 per cent trichloro- 
acetic acid at room temperature, washed with water, then with absolute 
ethanol, followed by ether, and dried. The material is referred to as 
“proteins.” 

Isolation of Methionine Methylsulfonium Bromide from ‘Proteins’’—1 to 
10 gm. of the “proteins”? was digested with 30 volumes of 6 N HCl for 6 
hours, the digest was evaporated in vacuo to a syrup, and as much HC! 
as possible was removed by distillation with water. The residue was 
dissolved in water (5 ml. per gm. of protein) and decolorized with three 
fresh portions of activated carboraffin. The light yellow filtrate was 
warmed on a water bath, and a hot solution of phosphotungstic acid in 
water was added (3 gm. of phosphotungstic acid in 5 ml. of water per gm. 
of protein). The mixture, after heating on a steam bath for 30 minutes, 
was kept in the dark overnight. The precipitated phosphotungstates were 
removed by filtration and washed with 75 ml. of a solution of 2 gm. of 
phosphotungstic acid containing 2 ml. of 1 nN HCl. The filtrate and wash- 
ings (purplish) were treated with 1 mM tetraethylammonium bromide (about 
0.2 ml. per gm. of protein) to remove the excess of phosphotungstic acid. 
More of the tetraethylammonium bromide is added, if necessary, until the 
filtrate is completely free of phosphotungstie acid. The precipitated 
phosphotungstate was removed by centrifugation and by filtration of the 
supernatant solution through a glass filter of fine porosity, and the filtrate 
was concentrated zn vacuo to a small volume (about 2 ml. per gm. of pro- 
tein). To the concentrate methanol (0.5 ml. per gm. of protein) and 
18 x HeSO, (1.5 ml. per gm. of protein) are added (in this order, or the 
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methanol and the sulfuric acid are mixed first, and the mixture is added 
to the concentrate). Any precipitate appearing at this stage is removed 
by filtration, washed with water, and discarded. The washings and the 
sulfuric acid digest are then concentrated to the original volume in vacuo. 
The sulfuric acid mixture was then refluxed for 0.5 hour. Longer di- 
gestion does not alter the final yields, nor does it affect the procedure in 
any way. The brown digest was diluted with water (to 20 ml. per gm. 
of protein started) and filtered. The filtrate was warmed on a steam 
bath, and to it a hot solution of phosphotungstic acid was added (1 gm. 
in 1.2 ml. of water per gm. of the protein used). The mixture was placed 
in a refrigerator for about 2 hours, and the precipitate was removed 
by filtration through a glass filter of medium porosity and washed with 
water until the filtrate was free of sulfate (BaCl. test). The washed pre- 
cipitate was then thoroughly washed with five portions of about 100 ml. 
each of 95 per cent ethanol,’ then with ethyl ether, dried, and weighed. 
To the weighed phosphotungstate 90 per cent aqueous acetone was added 
(about 0.5 ml. per gm. of protein started), and the mixture was thoroughly 
triturated, then filtered. The undissolved residue was again triturated 
with two additional similar portions of aqueous acetone, and the acetone 
extracts were combined. The undissolved residue was washed with ethyl 
ether, dried, and weighed. The difference in the weight of the phospho- 
tungstate before and after trituration with acetone gives the weight of the 
methionine methylsulfonium phosphotungstate that dissolved in the ace- 
tone. For every gm. of the phosphotungstate dissolved in the aqueous 
acetone 1 ml. of 1 m tetraethylammonium bromide was added to the com- 
bined acetone extracts, followed by 4.5 ml. of water per gm. of protein used. 
The mixture, after stirring, was centrifuged. The supernatant solution 
was filtered through a glass filter of fine porosity, and the pH of the filtrate 
was adjusted to 5 with 1 M ammonium hydroxide. The solution was then 
decolorized with carboraffin in the cold, filtered through a glass filter of 
fine porosity, and evaporated to near dryness in vacuo at 25-30°. A 10 ml. 
portion of methanol was added to the concentrate; the methanol was dis- 
tilled in vacuo, and the procedure of addition and distillation of methanol 
was repeated twice more. The yellowish oil was transferred quantitatively 
toa centrifuge tube with minimal amounts of methanol (about 0.5 ml. per 
gm. of protein started), and the distillation flask was rinsed out with abso- 
lute ethanol (2 ml. per gm. of protein started). The ethanolic rinse was 
added to the centrifuge tube containing the methanol solution of the sul- 


' By the “original volume” is meant 2 ml. per gm. of the protein used. 

? Ethanol removes a large proportion of the phosphotungstates, including those 
formed from cystine, homocystine, and cystathionine, if the latter are present in or 
added to the hydrolysates. Thorough washing with ethanol is essential at this step 
of the procedure. 
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fonium salt. The alcoholic solution of the salt was allowed to crystallize 
in a refrigerator for 2 to 3 hours, and the precipitated material was sepa- 
rated by centrifugation, washed with absolute ethanol, then recrystallized 
either from hot methanol or from methanol by the addition of ethanol. 
The final product was washed with absolute ethanol, followed by ethyl 
ether, and dried in vacuo at room temperature. The isolated L-methionine 
methylsulfonium bromide is somewhat hygroscopic, and prolonged ex- 
posure to moist air should be avoided. In moist air it forms a glassy trans- 
parent mass without apparent decomposition. The dry salt can be re- 
covered by recrystallization from methanol. The yields of methionine 
methylsulfonium bromide varied, in several hundred isolations performed 
to date, from 14 to 17 mg. per gm. of protein used, m.p. 136—138° (open cap- 
illary; sintering due to decomposition to dimethyl] sulfide (cf. (2)). The 
isolated material gave satisfactory values for methionine methylsulfonium 
bromide on elementary analysis. Methionine methylsulfonium bromide 
was isolated from tissues after administration to animals of nine different 
precursors of methionine labeled with C™ or S*® and chromatographed on 
Whatman paper No. 1 with three different solvent systems (¢-butanol- 
formic acid-water (7:1.5:1.5), n-butanol-acetic acid-water (4:1:1), and 
n-butanol-95 per cent ethanol-2 n HCl (4:1:2)). Single spots were ob- 
tained in all cases, and the Ry, values agreed well with those reported (5). 
Pyridine, phenol, and lutidine were found to be unsatisfactory, owing to 
the decomposition of methionine methylsulfonium in these alkaline re- 
agents. Thus, within the limits of accuracy of paper chromatographic 
technique, the isolated methionine methylsulfonium bromide appears to 
be reasonably free of extraneous material. 

To test the possibility of an exchange of the methyl group of methionine 
and of methionine methylsulfonium with methyl of methanol when the 
latter is present in excess in the sulfuric acid digestion mixture, the follow- 
ing experiment was performed. Methionine methylsulfonium-CH;-C* 
was prepared from methionine-CH;-C™ by digestion of the latter in 18 N 
H.SO, in the presence of non-isotopic methanol by the adaptation of the 
procedure of Lavine et al. (2). 1 mmole of radiomethionine and 1 mmole 
of radiomethionine methylsulfonium bromide were digested separately in 
18 n H.SO, in the presence of 1, 2, 4, or 8 mmoles of non-isotopic methanol, 
and radiomethionine methylsulfonium bromide was isolated in each case 
in the usual way. The products were then assayed for radioactivity. 
From the results in Table I it can be seen that no apparent exchange of the 
methyl! group of either methionine or of methionine methylsulfonium with 
that of methanol took place under the conditions employed. 

The possible interference by tissue cystine with the purity of the methio- 
nine methylsulfonium salt which is isolated from the animal tissues and the 
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completeness of the removal of the product which is formed from cystine 
on digestion of the latter in strong sulfuric acid in the presence of methanol 
were tested as follows: To 10 gm. of rat “protein” hydrolysate in 6 N 
HCl 0.2 mmole of cystine-S* was added (activity of cystine-S*, 2.5 « 10° 
c.p.m. per mmole). Methionine methylsulfonium bromide was then iso- 
lated from the digest as described. Negligible activity in the sulfonium 
salt was obtained (7 + 4 ¢.p.m. per mmole). A maximal contamination 
by cystine is, therefore, about 0.014 per cent under the conditions of iso- 
lation of methionine methylsulfonium salt from animal tissues. A single 
spot of PR» 0.35 was obtained on Whatman paper No. 1 with n-butanol-95 


TABLE I 
Effect of Excess Methanol on Activity of Methyl Groups of Methionine-CH 3-C'™ 
or of Methionine Methylsulfonium-CH ;-C™ on Digestion in 18 x H»SO;* 


Total activity of methionine 
methylsulfonium bromide 


| activity Equivalents of methanol used in digestion 
C.p.m. | C.p.m. {| p.m. 
14,500 14,560 14.455 14,600 14,530 


Methionine methylsulfonium-CH;-C"™ 6,000 5,970) 5,800 5,980 5,950 


* 1 mmole of the radiocompound was digested in 18 nN H.SO, in the presence of 1, 
2,4, or 8 mmoles of methanol for 0.5 to 1 hour, and methionine methylsulfonium 
bromide was isolated in each case as described in the text. 


per cent ethanol-2 n HCl (4:1:1) on the methionine methylsulfonium bro- 
mide which was isolated from the digests containing cystine-S*. 
Methionine methylsulfonium bromide, added to animal protein digests, 
could be recovered in the first precipitation of the digests with phospho- 
tungstic acid. The possible presence of preformed sulfonium salts in 
animal tissues could thus be detected by analysis of the phosphotungstates, 
which are obtained in the first step of the procedure, for the sulfonium 
salts. The possibility of formation in vivo of methionine methylsulfonium 
from methionine was tested as follows: Rats received methionine-CH;-C™ 
and were sacrificed 5 to 20 hours later, and the proteins were digested in 
HCl as described. The first phosphotungstate precipitate, which was ob- 
tained on adding phosphotungstic acid to the deacidified and clarified digest, 
Was examined for radioactivity. None was present. Thus, methionine- 
CH;-C™, present in the digest, is not precipitable with phosphotungstic 
acid, and no detectable amount of methionine methylsulfonium-CH;-C™ 
Was present in the digest. When methionine methylsulfonium-CH;-C"™ 
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was digested together with rat proteins in 6 nN HCl for 6 hours and the 
deacidified and clarified digest was treated with phosphotungstic acid, 
the phosphotungstate was radioactive, and pure methionine methylsul- 
fonium-CH;-C"™ was recovered from the phosphotungstate. The apparent 
absence of methionine methylsulfonium in rat proteins, following the di- 
gestion of the proteins with HCl, does not, however, eliminate the pos- 
sibility of formation of methionine methylsulfonium in vivo, particularly 
because this sulfonium salt has been isolated from several plant sources 
(5, 6), and because it acts in vivo as a potent source of its methyl group in 
animals (7) and in molds (8). 


SUMMARY 


The procedure of Floyd-Lavine has been adapted to the isolation of 
methionine as methionine methylsulfonium bromide from animal proteins, 
and the procedure is suitable in tracer studies involving the metabolism 
of methionine. 
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INHIBITORY ACTION OF meso-TARTRATE ON 
PYRUVATE OXIDATION 


By J. H. QUASTEL anno P. G. SCHOLEFIELD 
(From the Research Institute, Montreal General Hospital, Montreal, Canada) 


(Received for publication, November 1, 1954) 


Naturally occurring tartrates are apparently not metabolized by mam- 
malian tissues (1-5), the disappearance of ingested (though not injected) 
tartrates being ascribed to their metabolism by intestinal microorganisms 
(4,5). ‘The tartrates, however, have a little biological activity, p-tartaric 
acid being weakly ketogenic in the presence of rat liver slices (6) and depress- 
ing their respiration. meso-Tartrate (0.07 m) is highly inhibitory to Escher- 
ichia coli lactic dehydrogenase, less inhibitory to /. coli succinic dehydro- 
genase, and is a more effective inhibitor of both enzymes than p-tartrate 
(7). The stereoisomers of tartaric acid may be differentiated by their ef- 
fects on prostate phosphatase (8, 9), which is stimulated by the p isomer, 
strongly inhibited by the L isomer, and feebly inhibited by the meso iso- 
mer. 

The present report describes a specific inhibitory action of meso-tartaric 
acid on pyruvate metabolism in rat kidney slices and in rat kidney mito- 
chondria. 


Methods and Materials 


A local strain of inbred hooded rats was used throughout. For experi- 
ment, the animals were stunned and bled and the excised tissues placed 
in cracked ice. Slices of rat kidney cortex were cut with a Stadie-Riggs 
tissue slicer (Arthur H. Thomas Company) and immediately placed on a 
Petri dish containing cracked ice. Prior to use, the slices were blotted, 
weighed on a torsion balance, and placed directly in chilled Warburg mano- 
metric flasks. Standard manometric techniques were adopted. 

The incubation medium was composed as follows: 0.13 m NaCl, 0.005 m 
KCI, 0.0013 m KH2PO,, 0.0013 m MgSO,, 0.01 mM sodium phosphate buffer, 
pH 7.4. Allowance was made for the addition of the sodium salts of or- 
ganic acids by addition of a correspondingly lower concentration of sodium 
chloride. 

Mitochondria were prepared by the method of Schneider (10) with 0.25 
M sucrose and were incubated in the medium described by Judah and Rees 
(11). 

The Qo, values were calculated from the oxygen uptake at 37° measured 
over the first 60 minute period after thermal equilibration, assuming 80 
per cent moisture in the slice. 

245 


1e 
il- 
it 
S- 
ly 
es 
in 
of 
IS, 
| 


246 MCSO-TARTRATE AND PYRUVATE OXIDATION 
Results at 
Experiments with Rat Kidney Cortex Slices—Sodium meso-tartrate in- PY 
hibits the respiration of rat kidney cortex slices in the presence of sodium rat 
pyruvate (Table I), but the p and pi isomers are without effect. None n 
of the three tartrates affects the respiration in the presence of DL-malate, wail 
TABLE [ ink 
Effect of p-, vu-, and meso-Tartrate on Respiration of Rat Kidney Cortex nn 
Slices in Presence of Various Substrates tial 
in of effe 
Substrate | 0.02 
No | | « sodium 
sodium | sod 
inhibiter | p-tartratet | | 
| | 
0.02 mu sodium pyruvate.................... 27 .2 2.0 | 25.1 | 14.7 
| 26.7 26.7 | 25.1 | 24.9 
* The —Qo, values quoted are the averages obtained from at least three separate 
determinations obtained over 5 to 65 minutes. Non 
+ All values of concentrations refer to the final concentration in the medium. 0.000 
0.00: 
Tase II 
Effect of Various Concentrations of meso-Tartrate on Respiration of Rat stoves 
Kidney Cortex Slices in Presence of Pyruvate 
| —Qo2 in presence of meso-tartrate 
Sodium pyruvate | - — a-ke 
| 0 0.002 M | 0.007 | 0.02 M inhil 
0.02 25.5 | 22.4 | 15.4 after 
— — effec 
citrate, or a-ketoglutarate. Similarly, tartronic (hydroxymalonic) acid ae 
has no effect on the respiration of rat kidney cortex slices in the presence “oa 
or absence of pyruvate. Although a marked inhibitory effect of sodium wy 
meso-tartrate on respiration obtains at a concentration of 0.02 M, some 
effect is obvious even at one-tenth this concentration, particularly in the 1 
absence of added substrate (Table IT). the ' 
e 
Pyruvate disappearance in the presence of rat kidney cortex slices 1s 
markedly inhibited by the presence of meso-tartrate. In a typical exper'- ae 
ment, incubation of rat kidney cortex slices with 0.02 m sodium pyruvate 
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at 37° resulted in the disappearance in | hour of 16.4 uwmoles of sodium 
pyruvate per 100 mg. wet weight of tissue. In the presence of 0.02 m 
sodium meso-tartrate, the disappearance of sodium pyruvate in | hour was 
only 6.95 umoles per 100 mg. wet weight of rat kidney cortex, an inhibition 
of 60 per cent thus being effected. 

The addition of 2 K 10-* mM sodium fumarate completely reverses the 
inhibition of respiration of rat kidney cortex slices in the presence of py- 
ruvate produced by meso-tartrate, and 7 X 10-‘ mM sodium fumarate par- 
tially reverses the inhibition. ‘Typical results are shown in Table III. 
pL-Malate is less effective than fumarate in this respect, but it is more 
effective than citrate at equivalent concentrations (Table ITI). 


TaB_e III 
Reversal by Fumarate, Citrate, and Malate of meso-Tartrate Inhibition 
of Pyruvate Oxidation in Rat Kidney Cortex Slices 


Further additions | 0.02 0.02 mM | 0.02 M sodium 
No sodium meso-tartrate + 
substrate meso- 0.02 M sodium 
pyruvate | tartrate pyruvate 

16.7 29.0 11.0 14.2 
0.0007 M sodium fumarate... i 20.1 26.7 | 14.0 19.5 
0.002 * 20.5 25.8 | 15.3 25.4 
0.002 ** citrate 21.4 28.6 15.3 20.7 
* pL-malate | 22.1 27.4 15.1 23.2 


Lxperiments with Rat Kidney Mitochondria—The rate of oxidation of 
a-ketoglutarate, fumarate, or pi-malate by rat kidney mitochondria is 
inhibited to a small extent by all three tartrates. Typical results with 
a-ketoglutarate as substrate are shown in Table IV. meso-Tartrate in- 
hibits the rate of oxygen uptake and its effect increases with time until, 
after | hour, 48 per cent inhibition is obtained. p.i-Tartrate has a similar 
effect, but after | hour it inhibits the rate of oxygen uptake by only 16 per 
cent. Addition of p-tartrate produces a constant inhibition of approxi- 
mately 25 per cent. Since similar small inhibitory effects occur with 
fumarate and pL-malate as substrates, it follows that the tartrates have 
but little direct effeet on the oxidations involved in the tricarboxylie acid 
eyele. 

The agent used for the initiation of mitochondrial oxidations influences 
the effect of meso-tartrate on the oxidation of pyruvate. The rate of oxi- 
dation of pyruvate in the presence of 0.0007 mM pL-malate is affected by the 
tartrates in a manner similar to their effects on the rates of oxidation of 
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a-ketoglutarate, fumarate, or pL-malate. Thus, the oxidation of pyruvate 
by pyruvic oxidase is but little affected in the mitochondrial system by the 


TaBLe IV 
Effect of p-, pu-, and meso-Tartrate on Oxidation of a-Ketoglutarate by 
Rat Liver Mitochondria 
Kach vessel contained the basic medium described by Judah and Rees (11) to- 
gether with 0.7 ml. of suspension of mitochondria in 0.25 M sucrose and 20 ypmoles 
of potassium a-ketoglutarate in 3 ml. Gas phase, air; temperature, 37°. 


| Oz taken up, ul. 
Further additions | 


0-20 min. | 20-40 min. | 40-60 min. 
20 umoles potassium meso-tartrate.......... | 146 (12)* | 102 (32) | 72 (48) 
p-tarteate............. 123 (25) | 116 (22) | 107 (23) 
200 « 165 (0) | 139 (7) | (16) 


* The figures in parentheses refer to the percentage inhibition of oxygen uptake. 


600- 
400- 
a 
200- Z 


TIME (MINS) 

Fic. 1. The effect of meso-tartrate on the oxidation of pyruvate by rat kidney 
mitochondria. All vessels contained the standard incubation medium (see ‘‘Meth- 
ods and materials’) with the following additions (in micromoles) (final volume 3 
ml.): O, pyruvate 20, pL-malate 2; @, pyruvate 20, bicarbonate 9; A, pyruvate 20, 
pL-malate 2, meso-tartrate 20; A, pyruvate 20, bicarbonate 9, meso-tartrate 20. 
In all control vessels, without pyruvate or ‘‘primer,”’ less than 50 ul. of oxygen was 
taken up in the experimental period. 


tartrates, and this observation is confirmed by the fact that the oxidation 
of pyruvate by brain homogenates, as shown by respiratory activities, 1s 
also unaffected by the tartrates. 

It is already known (12) that both bicarbonate and malate stimulate 
the oxidation of pyruvate by rabbit kidney “eyclophorase”’ preparations. 


Preliminary experiments indicated that, with preparations of crude rat } 
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liver mitochondria, malate is not required to initiate pyruvate oxidation. 
With twice washed rat kidney mitochondria, however, a ‘“‘primer”’ is neces- 
sary to initiate pyruvate oxidation, but bicarbonate is unable to act in 
this capacity. When the number of washings of the rat kidney mito- 
chondria in isotonic sucrose solution is reduced to one, bicarbonate is as 
effective as malate in initiating the oxidation of pyruvate. Under these 
conditions, it is found that sodium meso-tartrate has little effect on the 
malate-stimulated oxidation of pyruvate, but it produces a marked inhibi- 
tion of the bicarbonate-stimulated oxidation of pyruvate by rat kidney 
mitochondria. Typical results are shown in Fig. 1. 


DISCUSSION 


As the oxidation of pyruvate in rat brain homogenate, or in rat kidney 
or liver mitochondria in the presence of pi-malate, is unaffected by the 
presence of sodium meso-tartrate, it is clear that pyruvic oxidase activity 
in these tissues is not inhibited by meso-tartrate. The respiration of rat 
kidney cortex slices in the presence of pyruvate and the metabolism of 
pyruvate in this tissue are, however, markedly inhibited by meso-tartrate. 
Therefore, the site of action of this substance must lie with the further 
oxidation of the acetyl moiety (acetyl coenzyme A) derived from the py- 
ruvate. meso-Tartrate, on the other hand, has no inhibitory effect on the 
oxidation by rat kidney cortex slices of members of the tricarboxylic acid 
cycle, for no diminution of respiration of this tissue in the presence of 
citrate, a-ketoglutarate, or pi-malate is observed. It follows that the 
inhibition must be concerned with the condensation reaction leading to 
citrate synthesis. 

The complete reversal of the inhibitory effect of meso-tartrate on pyru- 
vate oxidation by 0.002 m fumarate and the partial reversal by pL-malate 
and citrate make it likely that meso-tartrate acts by inhibiting the forma- 
tion of dicarboxylic acid from pyruvic acid in rat kidney cortex slices. 

Confirmation of this suggestion was obtained with mitochondrial prep- 
arations. In once washed rat kidney mitochondria, the incorporation of 
bicarbonate leads to rapid oxidation of pyruvate. This oxidation was 
found to be extremely sensitive to the presence of meso-tartrate, in contrast 
to the malate-stimulated oxidation of pyruvate. A further washing of the 
rat kidney mitochondria with isotonic sucrose markedly decreases the abil- 
itv of bicarbonate to stimulate the respiratory activity of this system. 

This evidence is consistent with the conclusion that meso-tartaric acid 
is a specific inhibitor of the incorporation of CO, into the dicarboxylic 
acids of rat kidney. Such an inhibition would lead to the suppression 
of pyruvate oxidation in rat kidney cortex slices or mitochondria by 
preventing the formation of the oxalacetate required for oxidation, by the 
citric acid cycle, of the acetyl coenzyme A derived from pyruvate. 
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SUMMARY 


1. meso-Tartrate is a specific inhibitor of pyruvate oxidation in slices of 
rat kidney cortex. The inhibition of oxygen uptake in the presence of 
added pyruvate brought about by meso-tartrate is completely reversed by 
addition of trace amounts of fumarate and partially reversed by small 
amounts of pL-malate or citrate. 

2. No oxidation of pyruvate takes place in rat kidney mitochondria 
unless a “primer” is added. When malate is used as a “primer,” little 
inhibition by meso-tartrate of pyruvate oxidation occurs. 

3. Bicarbonate can serve as a “primer” of pyruvate oxidation in once 
washed preparations of rat kidney mitochondria. In this system, pyru- 
vate oxidation is inhibited by the presence of meso-tartrate. 

4. It is suggested that meso-tartrate inhibits the incorporation of carbon 
dioxide into pyruvate in rat kidney and thus, by suppressing dicarboxylic 
acid formation, prevents oxidation of pyruvate. 


Grateful acknowledgment is made to the National Cancer Institute of 
Canada for a grant in aid of a program of work on antimetabolites, of 
which the above represents a part. 


BIBLIOGRAPHY 


1. Underhill, F. P., Leonard, C.S., Gross, E. G., and Jaleski, T. C., J. Pharmacol. 
and Exp. Therap., 48, 351 (1931). 

2. Underhill, F. P., Peterman, F. I., Jaleski, T. C., and Leonard, C.8., J. Phar- 
macol, and Exp. Therap., 48, 381 (1931). 

3. Pratt, O. B., and Swartout, H. O., J. Lab. and Clin. Med., 18, 354 (1933). 

4. Pratt, O. B., and Swartout, H. O., J. Lab. and Clin. Med., 18, 366 (1933). 

5. Finkle, P., J. Biol. Chem., 100, 349 (1933). 

6. Edson, N. L., Biochem. J., 30, 1855 (1936). 

7. Quastel, J. H., and Wooldridge, W. R., Biochem. J., 22, 689 (1928). 

8. Abul-Fadl, M. A. M., and King, FE. J., Biochem. J., 45, 51 (1949). 

9. Anagnostopoulos, C., Bull. Soc. chim. biol., 35, 575, 595 (1953). 

10. Sehneider, W. C., J. Biol. Chem., 176, 259 (1948). 

11. Judah, J. D., and Rees, K. R., Biochem. J., 65, 664 (1953). 

12. Green, D. E., Loomis, W. F., and Auerbach, V. H., J. Brol. Chem., 172, 389 
(1948). 


fac 
con 
bac 
tict 
(2.8 
lenc 
arat 
fere 
type 
the 
the | 

fied 
ties | 
Al 
vent 
been 
The 
tion, 
ficati 
three 
analy 


Isolat 


Ba 
Locke 
the A) 


runnin 
preting 


har: 


STUDIES ON THE CHEMISTRY OF THE CORD FACTOR OF 
MYCOBACTERIUM TUBERCULOSIS 
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of New York, Inc., New York, New York) 


(Received for publication, September 14, 1954) 


A lipide component of the tubercle bacillus, which was termed ‘‘cord 
factor’ (1-4), has been described in previous publications. This bacterial 
constituent is characterized by its exclusive occurrence in strains of Myco- 
bacterium tuberculosis which have the ability to multiply in vivo, by a par- 
ticular delayed toxicity for mice upon repeated injections of small amounts 
(2.5 to 5 y of pure preparations), and by a definite réle it plays in the viru- 
lence of the tubercle bacillus (5). 

The present paper describes methods for obtaining highly purified prep- 
arations of cord factor, and it shows that cord factor is present in dif- 
ferent virulent strains of MW. tuberculosis of both the human and the bovine 
type. It presents a partial structural analysis of cord factor, showing that 
the compound is an ester of mycolic acid containing 1 molecule of glucose, 
the latter being attached through a glucoside linkage to an as yet unidenti- 
fied aliphatic fragment. A detailed description of the biological proper- 
ties of the cord factor will be reported elsewhere (6). 

Anderson’s pioneer work on mycobacterial lipides has made use of sol- 
vent fractionation methods (7), and fractionation by chromatography has 
been profitably introduced in this field by Asselineau and Lederer (8). 
The present workers have benefited from both these methods and, in addi- 
tion, made extensive use of infra-red spectroscopy! as an aid in the identi- 
fieation of microquantities of lipides. The combined application of the 
three methods proved to be an excellent tool in the isolation and structural 
analysis of high molecular lipides of this class. 


EXPERIMENTAL 


Isolation and Purification of Cord Factor from Various Strains of Virulent 
Tubercle Bacilli 


Bacteria—The bacilli were grown as surface cultures on a modified 
Lockemann medium (9) and harvested after about 3 weeks as deseribed 


'The authors are greatly indebted to Dr. R. C. Gore, and Mr. N. B. Colthup, of 
the American Cyanamid Company, Stamford, Connecticut, for the courtesy of 


— running a great number of infra-red speetra and for their invaluable help in inter- 


preting the results. 
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252 CORD FACTOR OF M. TUBERCULOSIS 
previously (3). The following strains were used for the preparation of 
cord factor: (a) H37-Rv and (b) Brévannes, both virulent human strains; 
(c) PN, DT, C, a mixture of virulent human strains used in the production 
of tuberculin;? (d) Vallée, a virulent bovine strain; and (e) a variant of 
H37-Rv, resistant to isonicotinic acid hydrazide, designated ‘‘Ciba.’’ 

Extraction and Isolation of Purified Wax—aAll bacilli were extracted in 
the viable state, with the exception of bacilli (b) and (c), which were ob- 
tained as heat-killed cultures. Strain Brévannes was selected for the pro- 
duction of larger quantities of cord factor in most of the present studies.! 
For practical reasons, steam-killed, 3 week-old cultures were used for all 
large scale extractions of the strain Brévannes. 

An adaptation of Anderson’s extraction scheme, as previously described 
(3), was employed with some minor modifications. In Anderson’s pro- 
cedure (10), the bacilli are defatted by preliminary extraction with ether- 
ethanol 1:1 (volume by volume) and subsequently extracted with chloro- 
form. It was found that the cord factor-containing fraction, Wax C (11), 
of the chloroform extract was soluble in ether-methanol 1:1, but insoluble 
in a mixture of 1 part ether and 2 parts methanol. In order to prevent 
losses of cord factor-containing material, we used a mixture of 1 part ether 
and 2 parts methanol for the preliminary extraction. 

Before the chloroform extraction, the bacilli were washed with acetone, 
dried, and pulverized. The purified wax obtained according to Anderson 
is usually contaminated with yellow pigments. These pigments were 
effectively removed by washing the purified wax with cold acetone on the 
filter. 

The purified wax was separated into fractions of Waxes C and D by frae- 
tional precipitation with ether-methanol, as previously described (3). It 
is of the utmost importance to obtain a clean separation of Wax C from 
Wax D. Wax C (m.p. 40-50°) consists of low melting esters, including 
cord factor, while Wax D (m.p. 160-240°) is composed of high melting 
lipopolysaccharides (11). The presence of lipopolysaccharides in Wax C 
not only interferes with its chromatographic purification but also gives 
rise to misleading results in the chemical analyses of its components. 

Chromatographic Purification of Cord Factor—Yor the chromatographic 
procedures, the following adsorbents were used: magnesium silicate-Celite 


2'The authors wish to thank Dr. HE. D. Piersma of the Lederle Laboratories Divi- 
sion, American Cyanamid Company, Pearl River, New York, for the generous supply 
of these bacterial cultures. 

§ Obtained through the courtesy of Dr. R. L. Mayer, Ciba Pharmaceutical Prod- 
ucts, Inc., Summit, New Jersey. 

‘We are indebted to Dr. R. L. Maver, Ciba Pharmaceutical Products, Ine., Sum 
mit, New Jersey, for providing us with large amounts of bacterial cultures. 
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545 (12)° and silica gel ‘‘Davison.”’ The separation of the components 
was followed by melting point and acidity determinations as well as infra- 
red spectroscopy. The particulars of the techniques have been described 
(3). 

Separation of Cord Factor and Mycolic Acid on Silica Gel—Pure cord fac- 
tor is difficult to obtain from Wax C of old bacterial cultures because of 


TABLE I 


Chromatogram I, Chromatography of Ether-Methanol Fractions Obtained after Chro- 
matography of War C from Strains PN, DT, C on Magnesium Silicate-Celite 


310 mg. of material were adsorbed on 30 gm. of silica gel. 


| | 
Eluted with 30 ml. of M.p. | 
| mg. 
meg. "C. | degrees 

1 Petroleum ether 30.4 | 

| 36-37 0.5 | +31 

1 10.8 | 

5 | 0.6 | 

6-11 ether-benzene 1:1) 6.1 | 

12 - Benzene-cther 1:1 116.4 | | 

1:1 32.5 | 

“ 1:1 14.2 

15 | | 52-54 5.9 +9 
1:1 7.9 | 

17 | 1. 1:1 6.3 | 

18 Ether containing 5% MeOU 5.0 

19 5% “ 6.8 

20 5% 44-46 2.8 +26 

“ 0%“ | 13.0 | | | 


the latter’s high content of free mycolic acid which is difficult to separate 
from cord factor. On magnesium silicate-Celite, repeated chromatogra- 
phies are needed and the separation is still incomplete (3). Subsequent 
chromatography on silica gel permitted a more effective separation of the 
two components, as seen from a typical example in Table I. The toxic 
component, in contrast to its strong adsorption on magnesium silicate, is 
only slightly adsorbed on silica gel and eluted in the very beginning with 
petroleum ether.® 


>’ We are indebted to Johns-Manville, New York, for a gift of Celite 545. 
*The mycolic acid fraction eluted with benzene-ether seems to be contaminated 
with toxie material, since its acidity (5.9 e.mm. of 0.1 N MeONa per mg.) is lower 
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The toxic fraction eluted from the silica gel column with petroleum 
ether still contained traces of acidity (Table 1) which could not be com- 
pletely removed by repeated chromatographies. Esterification with di- 
azomethane yielded a completely neutral material which, after chro- 
matography, was slightly acid again, suggesting that small amounts of 
mycolic acid were liberated on the column. 

The sample of cord factor obtained by chromatography on silica gel had 
the physicochemical properties listed in Table IIT. 

Infra-Red Spectrum (Fig. 1, Curve 1)—The spectrum shows a series of 
well defined bands all associated with the toxic fractions (3). The C—O 


3 —~ 


| cm' 

3000 «©2000 «1800 1600S 400 1200S 1000) 800 

Fic. 1. Infra-red spectra of cord factor preparations (taken from melts) from five 

different bacterial strains. Curve 1, PN, DT, C; Curve 2, H37-Rv; Curve 3, Bré- 
vannes; Curve 4, Vallée; Curve 5, “‘Ciba.’’ 


stretching region, 1200 to 800 em.-', which is commonly used for the 
identification of closely related compounds, is highly characteristic for pu- 
rified cord factor samples. The exact positions of the absorption maxim: 
are 3350, 2900, 2840, 1715, 1470, 1380, 1275, 1170, 1150, 1100, 1075, 1050, 
1020, 995, 915, 805, and 720 em-'. Upon repeated injections in mice, 
this sample displayed characteristic toxicity (5). The data mentioned 
above were found to be reproducible and consistent for various prepara- 
tions obtained in different ways in this laboratory, as well as in the labora- 
tory of Dr. FE. Lederer in Paris. 


than the theoretical value of 7.7 ¢.mm. of 0.1 MeONa per mg. and its optical rota: 
tion (laly +9°) is higher than the value reported for mycolic acid (lalyp 4+1.8°) 
For unknown reasons, a small amount of toxic material was always eluted in the tail 
fractions with ether methanol. 
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Isolation of Cord Factor from Different Strains—As has been pointed out 
previously (3), old cultures of tubercle bacilli are a poor source of cord 
factor. Thus, Wax C from the 12 week-old bacilli (¢) vielded only 1 to 
3 per cent, while 10 per cent or more was obtained from 2 to 3 week-old 
bacilli. The separation of cord factor from Wax C of the H37-Rv strain 


TABLE II 
Chromatogram IIT, Chromatography of 790 Mg. of Wax © from Strain H37-Rv 
Dissolved in Petroleum Ether Adsorbed on 60 Gm. of Magnesium 
Silicate-Celite 


Fraction No. Eluted with 50 ml. of | M.p. N MeON 
| per mg. 
| mg | 
Petroleum ether | 237.8 29-31 
2 142.6 | 
3 | 46.7 | 
4 “ 21.0 | 
5 25.5 32-33 
6 ether-benzene 1:1 S4.2 40-45 0 
7 20.8 48-55 0 
8 1:1 | 8.0 35-45 
1:1 6.5 | 
10 1:1 5.8 | 
11 1:1 5.2 | 
12 Benzene-ether 1:1 54-60 
13 - 1:1 | 6.4 | 5.0 
17* ther containing 10% MeOH 41-42 1.0 
18 | 26.4 | 
19 6.7 
20 “ 10% 4.6 
21-32 10% | 12.0 


* The fractions representing cord factor are given in bold-faced type. 


is shown in Chromatogram Il (Table Il). The ether-methanol eluate 
yielded cord factor of high purity after only one chromatography on mag- 
hesium silicate-Celite, since the Wax C of these bacilli contained little or 
no free mycolic acid. Similar results were obtained in the chromatography 
of Wax C from Brévannes, Vallée, and “Ciba” strains. Fig. 1 shows that 
the infra-red spectra of the toxie components obtained from five different 
bacterial strains are identical. Other data pertaining to these fractions 
are summarized in Table 

* Analyses by the Schwarzkopf Microanalytieal Laboratory, Middle Village, New 


York. 
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Thus the same toxic fraction could be isolated from a variety of virulent 
strains of tubercle bacilli. The yields range from 5 to 20 per cent of Wax 
C. This is of particular significance in view of the biological réle played 
by cord factor in tuberculous infection (6). In contrast, the nature of the 
non-toxic components of Wax C varies markedly with the different sources.* 


Chemical Degradation of Cord Factor 


Alkaline Hydrolysis of Cord Factor—\90 mg. of cord factor (Brévannes) 
were suspended in a solution of 5 ce. of isopropanol, 0.1 cc. of water, and 
100 mg. of KOH. The solution was refluxed for 1 hour under a stream of 
nitrogen which was passed through a trap containing 5 cc. of a 0.1 N HCl 
solution. After about 10 minutes of heating, a clear solution of yellowish 


TABLE III 


Properties of Cord Factor Preparations Isolated from Various Strains of 
Virulent Tubercle Bacilli 


Infra-red 


No. | | 
| degrees per cent percent per cent | per cent 

....... 36-37 +31 | 1 | | 12.5 | 0.8 1.0 
| 409 | | | 1.0 
Brévannes......... | 40-41 | +31 1.4 
«38-390 +29 4 | | 
| 42 5 | 
color was obtained. At the end of the heating period, the solution was F 
cooled and neutralized with 2 cc. of 1 N HCI. a-m} 


Test for Volatile Bases—Microtitration of an aliquot of the 0.1 N HCl frag 
trap solution showed no decrease in acidity. Lyophilization of the trap Cury 
solution left only an insignificant trace of a hygroscopic residue. 


Isolation of Mycolic Acid As Lipide Moiety—After addition of 5 ce. of The 
water, the acidified solution obtained after alkaline hydrolysis was re- Bré 
peatedly extracted with an excess of petroleum ether. The petroleum that 
ether extracts were taken to dryness, and the lipide residue was dissolved Te 
in a small volume of ether and precipitated with methanol. The precipi- The 
tate was filtered, washed with methanol, and dried in vacuo at room tem- hydr 
perature; 158 mg. of a white powder, m.p. 54-55°, were obtained. ‘The by su 
neutral equivalent was 1275 + 25. Found, C 81.49, Hf 13.30, OCH, 1.712 “i 

’ Noll, H., paper to be published. In th 

* The theoretical value corresponding to one methoxyl group per molecule is 24 — 


per cent. As pointed out by Dr. Lederer (personal communications), the methoxy! 
determinations on mycolic acids are often erroneous. On the other hand Aebi ef al. tons 
(13) have shown that preparations of a-mycolic acid obtained from strain Brévannes virul 
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Fig. 2. Infra-red spectra of degradation products of cord factor. Curve 6, 
a-mycolic acid; Curve 7, e-mycolic alcohol; Curve 8, non-reducing carbohydrate 
fragment; Curve 9, acetylated non-reducing carbohydrate fragment. Spectra in 
Curves 6 and 7 were taken from melts; those in Curves 8 and 9 from smears. 


-| 
cm 


These values agree with those published by Aebi et al. for a-mycolic acid 
Brévannes (13). The infra-red spectrum (lig. 2, Curve 6) is identical with 
that of a sample of a-mycolic acid Brévannes obtained from Dr. Lederer. 


consist of a mixture of two acids which cannot be separated by chromatography. 
The fact that one of these acids contains one methoxyl group while the other has a 
hydroxyl in place of the methoxyl group explains the low methoxyl values obtained 
by analysis of the mixture. It seems conceivable, therefore, that both of these acids 
tan take part in the svnthesis of cord faetor. Preparations of cord factor obtained 
from the strains PN, DT, C vielded a mycolie acid, whieh was devoid of methoxyl. 
In their extensive studies on the chemistry of mycolic acid (25), Dr. Lederer and eco- 
workers have shown that the mycolic acids elaborated by different strains of Myco- 
bacteria vary to some extent. Dr. Asselineau and Dr. Lederer (personal eommunica- 
tions) also found that eord factor preparations obtained from various strains of 
Virulent tubercle bacilli vielded different mycolic acids upon alkaline hydrolysis. 
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Isolation of Water-Soluble M oiety—The acidified water solution obtained 
after alkaline hydrolysis was deionized by passing through a mixed anion- 
cation exchange resin (Amberlite MB-3) and concentrated in vacuo to a 
volume of 2 ce. This concentrated solution was divided into two portions 
of 1 ec. each, designated in the following as Solutions 1 and 2. Solution 1 
was lyophilized, yielding a white fluffy residue and turning into a sirup at 
atmospheric pressure. About 10 mg. of this hygroscopic residue were 
recovered and 1 mg. dissolved in 100 c.mm. of water which formed a 
cloudy solution. Aliquots of 10 ¢.mm. each were withdrawn for the fol- 
lowing tests: (1) the reduction test according to Nelson (14), in which no 
reducing action was detected; (2) the sulfuric acid test according to 
Mendel et al. (15), in which the solution obtained after heating with con- 
centrated sulfuric acid had a pink color. The spectrum was measured 
with a Beckman model DU spectrophotometer in the ultraviolet region 
between 215 and 350 my and in the visible region between 400 and 600 mu. 
A sample of 100 y of glucose per cc. served as a control. The spectra of 
the alkaline hydrolysate and of the glucose solution were identical, the 
characteristic maxima being shown at 255, 312, and 520 mu. The extine- 
tion values of the alkaline hydrolysate were equal to those of 100 y of 
glucose. According to Mende] et al., the pink color with a maximum at 
520 muy is specific for glucose, fructose, and their polymers. 

The fact that the water-soluble moiety resulting from alkaline hydrolysis 
of cord factor gives no reducing action, but a positive glucose test with 
concentrated sulfuric acid, suggests that glucose is liberated under the 
strongly hydrolytic conditions of the test. It was indeed found that sub- 
sequent acid hydrolysis results in the liberation of a reducing sugar which 
was identified as glucose, as described in the following section. 

Ultraviolet Spectrum of Water-Soluble Motety—Except for the unspecific 
end-absorption at 215 my, no absorptions were detected between 220 and 
400 mu. 

Infra-Red Spectrum—The infra-red spectrum of the hygroscopic residue 
obtained after lyophilization is pictured in Fig. 2, Curve 8. Taken from 
a smear, this spectrum shows the typical absorptions of sugars; 7.c., a 
strong bonded —OH band at 3350, broad O-—-H bending absorptions be- 
tween 1500 and 1300, and a system of well defined bands in the C—O 
stretching regions with maxima at 1150, 1105, 1080, 1035, 990, and 940 
em.'. The broad absorption between 1650 and 1600 em! is probably 
due to water. The CH. band at 2040 em.'! seems somewhat deeper than 
usual in sugars, indicating the presence of an aliphatic residue. Although 
the spectrum is typical for a carbohydrate, it is not identical with any of 
the spectra of the sugar and sugar derivatives published by Kuhn (16). 
This is not surprising, since the carbohydrate moiety obtained after alka- 
line hydrolysis of cord factor is a non-reducing derivative of glucose, and 
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the reducing sugar is liberated only after subsequent acid hydrolysis as 
described below. 

Acid Hydrolysis of Non-Reducing Carbohydrate Fragment Obtained after 
Alkaline Hydrolysis of Cord Factor—To 1.0 cc. of Solution 2, 1.0 ec. of 3 
N HCl was added, and the resulting solution heated in a sealed tube for 
4 hours in a boiling water bath. An aliquot of 0.05 cc. of the hydrolyzed 
solution was withdrawn for a reduction test according to Nelson (14), 
which was strongly positive. Colorimetric determination gave a value 
corresponding to a total of 8.8 mg. of glucose in Solution 2. The acidic 
solution was divided into two equal portions, Solutions 3 and 4. Solution 
3 was made alkaline with NaOH and extracted with ether. The ether 
extract was treated with dry HCI and a cloudy precipitate obtained which, 
after evaporation, left traces of a hygroscopic residue. This residue gave 
a reddish brown precipitate with Nessler’s reagent. 

Identification of Sugar As Glucose—After extraction with ether, the alka- 
line Solution 3 was passed through Amberlite MB-3 and concentrated in 
vacuo to a colorless sirup which was dissolved in 0.5 cc. of water. An 
aliquot of 0.1 ce. was removed and 0.005 cc. each was used for the following 
tests: (1) the sulfuric acid test (15), of which the intensity of the pink 
color formed corresponded to 35 y of glucose; (2) the glucose oxidase test 
according to Keston (17), tests with this sensitive specific glucose reagent!” 
being strongly positive. 

Preparation of Potassium Gluconate—The residual 0.4 ec. of the concen- 
trated Solution 3, which contained 2.6 mg. of glucose as estimated by the 
sulfuric acid test, was taken to dryness and oxidized according to Moore 
and Link (18)."' This yielded 2.7 mg. of a crystalline powder, melting at 
178-180° with decomposition which agrees with the melting point reported 
for potassium gluconate. A mixed melting point with a sample of potas- 
sium gluconate gave no depression. The infra-red spectrum of the deriva- 
tive was found to be exactly identical with that of potassium gluconate. 

Test for Volatile Bases—Solution 4, resulting from acid hydrolysis, was 
made alkaline with 3 cc. of 1 N NaOH and refluxed for 4 hours. A stream of 
nitrogen which was kept bubbling thro ‘gh the solution was passed through 
a trap containing 5 cc. of 0.01 N HCl. At the end of the heating period, 
an aliquot of the trap solution showed no decrease in acidity. After lyo- 
philization of the trap solution, a trace of a hygroscopic residue was left 
Which was insoluble in ether. Addition of a drop of water and Nessler’s 
reagent produced a reddish brown precipitate. 


'’ The authors are greatly indebted to Dr. A. S. Keston for a gift of his glucose 
Oxidase reagent. 

" The derivative was prepared on a micro seale with only approximately 0.001 of 
the quantities described by Moore and Link. As little as | mg. of glucose can be 
converted into erystalline potassium gluconate with this microprocedure. 
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Reductive Cleavage with LiAlH,—To an ether solution of 36 mg. of cord 
factor (PN, DT, C), a solution of LiAIH, in ether was slowly added. After 
refluxing for 1 hour, water was added and the ether layer separated. A 
waxy residue was obtained after evaporation of the ether which was puri- 
fied by precipitation from ether with methanol, yielding 26 mg. of a white 
powder, m.p. 46-48°. Found, C 81.87, H 13.51; calculated for a-mycoly! 
alcohol (CssHi7gO3), C 82.29, H 13.97. The infra-red spectrum (Fig. 2, 
Curve 7) was identical with that of a sample of a-mycolyl alcohol ob- 
tained after reduction of mycolic acid with LiA]H, (13). 

The water solution was lyophilized after the insoluble hydroxides had 
been filtered off. The dry residue was then acetylated with acetic anhy- 
dride and sodium acetate. The acetylated carbohydrate fragment was 
isolated in the usual manner by extraction with chloroform, and a few mg. 
of a sirupy residue were obtained. It did not crystallize. Its infra-red 
spectrum (Fig. 2, Curve 9) has the characteristic bands of sugar acetates 
with strong acetyl absorptions at 1750, 1375, 1230, and 1040 cm-'. The 
lack of amide C=O absorptions around 1650 cm! indicates the absence of 
N-acetyl] groups. 

Derivatives of Cord Factor; Acetylation—It has been reported (19) that 
acetylation of cord factor with acetic anhydride in the presence of sodium 
acetate led to a partially acetylated product which was about 10 times 
less toxic. Asselineau found that a completely acetylated derivative could 
be obtained by treatment of cord factor with acetic anhydride in pyridine 
solution.’* According to his directions, 60 mg. of cord factor were dis- 
solved in 1 ce. of benzene to which 3 cc. of pyridine and 1.5 cc. of acetic 
anhydride were added. After the solution was allowed to stand for 3 days 
at room temperature, it was concentrated on a boiling water bath, and the 
reaction product precipitated with methanol. Purification by precipita- 
tion from ether with methanol yielded 40 mg. of a white powder, m.p. 34°. 
Its infra-red spectrum (Fig. 3, Curve 10) shows strong acetyl bands. At 
the same time, the strong —-OH band at 3350 cm! has disappeared, indi- 
cating that acetylation was complete. The lack of absorptions in the 
vicinity of 1650 and 1550 em-! indicates that no nitrogen is available for 
acetylation. Found, C 75.09, H 11.82, N 0.56. Analysis of the parent 
cord factor preparation gave the following: C 77.24, H 12.16, N 0.65. 
Calculation of the number of acetyl groups from the difference in the C 
and H values between the parent compound and the acetyl! derivative, a 
computation which is subject to considerable uncertainty in the case of 
such a large molecule, gives rise to the estimate of two to five acetyl groups 
per molecule. 

A more accurate method is the direct acetyl] determination (20).  Sa- 


2 Asselineau, J., personal communication. 
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ponification of 4.553 mg. of acetyl derivative in 5 cc. of isopropanol con- 
taining 100 mg. of KOH for 1 hour gave a volatile acid equivalent of 1.13 
ec. of 0.013 N NaOH, or 13.6 per cent COCH:2. This corresponds to five 
to six acetyl groups per molecule, assuming a molecular weight of 1500 to 
1600 for cord factor. 

Pipsylation (21)—48 mg. of cord factor were dissolved in 10 ce. of 
chloroform containing 0.1 cc. of pyridine and 205 mg. of I*!-radioactive 
p-iodobenzene sulfonyl chloride.’ After the solution was allowed to stand 
at 25° for 30 minutes, it was concentrated to 5 cc. on a water bath and ex- 
tracted successively with 1 Nn NaOH and water until radioactivity measure- 
ments indicated that pipsylic acid was no longer being extracted. The 


ween 


3000 2000 1800 1600 1400 1200 1000 800 


Fic. 3. Infra-red spectra of derivatives of cord factor (taken from melts). Curve 
10, acetylated cord factor; Curve 11, pipsylated cord factor. 


= 


chloroform layer was dried over Na2SO, and the solvent evaporated. The 
residue was dissolved in ether, precipitated with methanol, filtered, and 
washed with methanol. 35 mg. of a white powder, m.p. 36-38°, were re- 
covered. The specific radioactivity of this product corresponded to about 
half a pipsyl group per cord factor molecule. The infra-red spectrum also 
suggested that the reaction product was a mixture containing unchanged 
cord factor. Chromatography of this mixture on magnesium silicate-Celite 
yielded two fractions: (1) eluted with benzene-ether 1:1 (sharp band), 
m.p. 33-34°, containing most of the radioactivity; (2) eluted with ether 
containing 5 per cent methanol, m.p. 38-40°, its weak radioactivity sug- 
gesting that it contained a trace of the pipsyl derivative as an impurity. 
The infra-red spectrum of the radioactive fraction (1) (Fig. 3, Curve 11) 


'S The radioactive pipsyl reagent was obtained through the courtesy of Dr. A. S. 
Keston. 
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shows the characteristic absorptions of covalent sulfonate at 1370 and 1180 
and the p-substituted phenyl bands at 1575, 815, and 730 cm-'. The 
intensity of the —OH band is somewhat less than in cord factor but still 
strong; at the same time its position has shifted from 3350 to 3450 em-', 
indicating less hydrogen bonding. The decrease in OH absorption, as well 
as the position of the S=O bands, suggests that the derivative is a sul- 
fonate rather than a sulfonamide (in the latter, the SO bands are usually 
lower). This is further evidence for the absence of a primary or secondary 
amine group, since the latter is more reactive than are hydroxyls. 

The radioactivity was measured with a Geiger counter with thin end 
window tubes. The specific activity was determined by adding a volu- 
metrically determined amount of the sample solution on to a filter paper 
disk placed in a dish. After evaporation of the solvent, the sample was 
counted. Before the determination of the specific activity of the pipsyl 
reagent standard, its purity was ascertained by determination of melting 
point and ultraviolet absorption. The following values were obtained: 
(a) specific activity of pipsyl derivative Fraction 1 = 3280 ¢.p.m. per mg. 
and (b) specific activity of the pipsyl residue = 22,600 ¢.p.m. per mg. 

Assuming one pipsyl group per cord factor molecule, we obtain Af = 
1570 for the molecular weight of cord factor (267 times 22,600, divided 
by M plus 267, equals 3280, 267 being the molecular weight of the pipsy! 
residue). 

This value agrees well with estimations derived from the degradation 
experiments. The pipsyl derivative was not toxic for mice. 

Fraction 2, m.p. 38-40°, which was eluted with ether-methanol, has the 
typical infra-red spectrum of cord factor and was toxic, thus proving that 
the unchanged part of the original reaction mixture had been removed 
during the chromatographic purification of the latter. 


DISCUSSION 


Although the final elucidation of the chemical structure of cord factor 
has not yet been accomplished, the identification of mycolic acid and glu- 
cose as structural units allows its characterization as a new type of glyco- 
lipide which has not been previously isolated from tubercle bacilli. 


From the data collected in the experimental part, it is possible to outline | 


broadly the structure of the cord factor molecule. It has been shown that 
a two-step hydrolysis splits the molecule into at least three fragments 
according to the following sequence: 


KOH Hcl 


Cord factor mycolic acid (83%) + glucoside glucose (9%) +h 


It is evident from this that the fragments are connected with each other by 
two different types of linkages, one broken by the action of alkali and 
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LiAIH, and the other by acid. The former is an ester linkage involving 
the carboxyl group of mycolic acid, since it is split by saponification as well 
as reduction, liberating mycolic acid or mycolic alcohol, respectively. 

The acid-sensitive linkage must be of glucosidic nature because its cleav- 
age gives rise to a reducing sugar identified as glucose. The fact that it is 
stable towards alkali is in accordance with this conclusion. 

Whether the third fragment, 7.e. the still unknown residue RP, is attached 
to C, of glucose through oxygen or nitrogen cannot be decided. The pos- 
sibility of an N-glucoside is conceivable since the glucosidic fragment I? 
most probably contains the 1 atom of nitrogen found in the cord factor 
molecule. However, from what is known about N-glucosides, they are 
apparently rather unstable unless the nitrogen, being a member of an un- 
saturated ring system, is stabilized by resonance (22). The possibility of 
the presence of an unsaturated ring structure, however, seems unlikely 
because of the lack of the corresponding absorptions in the ultraviolet as 
well as in the infra-red region of the spectrum. 

Also it is questionable whether the mycolic acid residue is attached 
to one of the hydroxyls of glucose or to the aglycon R: mycolic acid- 
glucose-R; mycolic acid-R-glucose. Attempts to decide this question by 
direct acid hydrolysis of cord factor failed because of incomplete reaction 
due to the great insolubility of the material in aqueous solvents. Since 
in these experiments both glucose and mycolic acid were liberated in small 
amounts, it is obvious that conditions permitting the selective hydrolysis 
of the glucoside linkage have not yet been found. 

The fragment which is linked to C, of glucose has not yet been isolated. 
Information about its nature can be deduced only by inference. If the 
molecular weight of cord factor is known, the size of the unknown frag- 
ment can be estimated by difference. The molecular weight of cord factor 
was determined by three independent methods: (1) pipsylation, (2) calcu- 
lation based on recovery (83 per cent) and titration equivalent (1300) of 
mycolic acid, and (3) calculation based on C, H distribution in mycolic 
acid and cord factor. All three values were in close agreement, corre- 
sponding to 1570 + 25. Since the total recovery of mycolic acid and glu- 
cose was 92 per cent, the unknown fragment cannot constitute more than 
8 per cent, corresponding to a molecular weight of 100 to 150. It is likely 
to contain the NCH; group found in cord factor. The infra-red spectra 
of the acetyl derivatives fail to show any N-acetyl absorptions. Infra-red 
spectroscopy also indicated that the non-reducing glucosidic fragment con- 
tains no C=O function (acid, ester, keto, amide). The relative intensity 
of the CH. bands, on the other hand, is stronger than in glucose. All 
these facts together suggest that the unknown fragment is a non-volatile 
aliphatic trisubstituted amine, possibly containing alcoholic —OH. 

Glucose has been obtained from tubercle bacilli only in the form of the 
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non-reducing disaccharide trehalose. Anderson has shown that trehalose 
is the structural unit of a polysaccharide extracted from tubercle bacilli 
(23), but he also found it as a water-soluble component after alkaline hy- 
drolysis of the acetone-soluble neutral fat (24). He pointed out the pe- 
culiarity that acid-fast bacteria grown on a glycerol-containing medium 
synthesize a disaccharide such as trehalose with which the fatty acids are 
combined to form neutral fat. Although cord factor appears to be another 
example of this type of structure, the difference between the two com- 
pounds is nevertheless striking. Instead of the relatively low molecular 
fatty acids of the acetone-soluble fat, cord factor contains high molecular 
mycolic acid as the lipide component. 

The relationship between the lipopolysaccharide (Wax D (25)) or the 
similar ‘‘Pmko”’ of Choucroun (26) and cord factor has been discussed in a 
previous paper (3). Both cord factor and Wax D are carbohydrate- and 
nitrogen-containing esters of mycolic acid, and both are components of 
Anderson’s purified wax fraction, but, according to Anderson and Lederer," 
the polysaccharide part of Wax D is composed of galactose, arabinose, and 
glucosamine, whereas the glucose content of cord factor makes this com- 
pound a chemically distinct constituent of the purified wax of the tubercle 
bacillus. 


SUMMARY 


The isolation of a toxic glycolipide ‘‘cord factor’’ from various strains of 
virulent tubercle bacilli is described. It was found to be a characteristic 
component of the Wax C fraction of the purified wax. 

Chemical studies show that cord factor is an ester of mycolic acid having 


a molecular weight of about 1570. Alkaline hydrolysis splits the ester — 
linkage, liberating 1 molecule of mycolic acid and 1 molecule of a non-re- | 


ducing glucoside. Subsequent acid hydrolysis of the latter cleaves the glu- 
cosidic linkage, yielding glucose and a non-volatile aliphatic fragment 
which has not yet been identified. Chemical data suggest that the un- 
known aglycon contains 1 atom of nitrogen which carries a methyl group 
and cannot be acetylated. 
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AMINE OXIDASES 


XL. INHIBITION OF MONOAMINID OXIDASE BY 
1-ISONICOTIN YL-2-ISOPROPY LHY DRAZINE*f 


By FE. ALBERT ZELLER, JAMES BARSKY, ann ELAINE R. BERMAN 


(From the Department of Biochemistry, Northwestern University Medical School, 
(Chicago, Illinois) 


(Received for publication, November 2, 1954) 


Until recently, no specific and potent inhibitor of monoamine oxidase 
(MO) has been known. However, in 1-isonicotinyl-2-isopropylhydrazine 
(IIH) an agent was found which blocks this enzyme very effectively (2, 3). 
Since this substance seems to be of great help in the study of the reaction 
mechanism of MO and of the largely unknown metabolic function of this 
enzyme, it was considered necessary to analyze the effect of ITH on MO 
further. Some of the results obtained with various enzyme preparations 
from a number of organs and from different species are presented in this 
paper. Ina subsequent publication, the specificity and the mode of action 
of ILH will be discussed. 


Materials and Methods 


Tissues were forced through an Altmann press, and the pulp was homog- 
enized in from 4 to 9 volumes of either 0.25 mM or 0.88 mM sucrose. Homog- 
enization was carried out in glass vessels with a motor-driven glass or 
Teflon pestle. Mitochondria were isolated by differential centrifugation 
according to the method of Hogeboom, Schneider, and Palade (4). Mor- 
phology and staining characteristics of the preparations were examined 
with the phase microscope and with Janus green B. The succinoxidase 
activity (manometrically determined) (5) of hog liver mitochondrial prep- 
arations represented 82 per cent of original tissue activity. This same 
fraction contained 45 to 50 per cent of the MO activity of homogenates. 

Another fraction (microsomes) containing 8 to 23 per cent of the MO 
activity was obtained when, after isolation of the mitochondria from 0.25 
M sucrose suspension, the supernatant solution was centrifuged at 105,000 
x gy for 90 minutes in the Spinco ultracentrifuge. Hog liver mitochondria 


* This work was supported by research grants from the National Institutes of 
Health, United States Public Health Service (G-3201), from the Bristol Laboratories, 
Inc., Syracuse, New York, from the Lilly Research Laboratories, Indianapolis, 
Indiana, and from the Multiple Sclerosis Foundation of America, Chicago, Dr. Lewis 
J. Pollock, Responsible Investigator. 

t Amine oxidases, X (1). 
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were disrupted by the combined effects of 9 ke. sonic oscillations and the 
use of deoxycholic acid (6).' ‘Tissue slices were prepared by the technique 
of Deutsch (7). 

In experiments on intact animals, adult rats (Sprague-Dawley), guinea 
pigs, cats, and dogs of both sexes were used. Cats and dogs were under 
pentobarbital anesthesia. 


TaBie I 
Inhibition of Liver and Brain MO by 1 IIH 


The reaction vessels contain the equivalent of 0.1 gm. of fresh tissue (liver homogen- 
ate) or 0.2 gm. (liver mitochondria, brain homogenate) or 0.33 gm. (brain mito- 
chondria). Variation of results is indicated by standard deviations and by the num- 
ber of independent determinations. The conditions of measurement and presenta- 
tion of results are those described as ‘“‘standard.’? Qo ox. = microatoms of oxygen 
per hour per gm. of tissue; Qam. = ammonia liberated, in micromoles per hour 


| Oxygen uptake | Ammonia production 
| Inhibition Gun. Inhibition 
| percent cent 
Rat liver homogenate +123 + 32 (7)*, 13 (3) 59 + 5 (6), 18 (3) 
‘mitochondria 66 + 24 (7) 59 (A) 25 +5 (6) 66 (3) 
‘* brain cortex homogenate 29 + 8 (6) | 46 (2) 27) + 1.4 (6) 49 (2) 
mitochondria 14+ 5 (6) | 67 (3) 13 +4 (6), 62 (3) 
Guinea pig liver homogenate 162 + 23 (6) | 23 (44) 57 + (5), O (3) 
‘mitochondria 80 + 12 (6) | 79 (7)t26 +3 (8) 65 (6)t 
brain cortex mito- 6+ 3 (6) 69 (4) 3.4 4 1.2 (6) 72 (4) 

chondria | 


* Number of independent determinations. 
t Qox. = 17 + 12. 
Quam. = 9 + 6. 


Substrates and inhibitors obtained from commercial sources were em- 
ployed without further purification except for tyramine hydrochloride, 
which was recrystallized when necessary.” 

Our standard procedure for the measurement of MO activity and pres- 
entation of results was as follows: The enzymic system was incubated at 
38° in 2 ml. of mM/15 phosphate buffer, pH 7.2, in an atmosphere of oxygen. 


' A detailed deseription of the liberation of MO from mitochondria will be given in 
a subsequent paper. 

2 We wish to extend our thanks to Dr. M. J. Schiffrin, Hoffmann-La Roche, Ine., 
for a supply of marsilid (1-isonicotiny!-2-isopropylhydrazine phosphate = iproni- 
azid = IIH), to Dr. M. L. Tainter, Sterling-Winthrop Research Institute, for a 
sample of /-epinephrine bitartrate, and to Dr. R. K. Richards, Abbott Laboratories, 
for serotonin creatinine sulfate. 
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The substrate, 0.01 mM tyramine hydrochloride, was added at least 10 min- 
utes after IIH (10-' mM). Mitochondria, unless stated otherwise, were pre- 
pared with 0.88 mM sucrose solution. From the curve of oxygen uptake as 
a function of time, the initial velocity of oxygen consumption was derived 
and given in terms of microatoms of oxygen per hour per gm. of fresh tissue 
(Qox.). At the end of 2 hours of incubation, an aliquot of the reaction mix- 


TaB_e II 
Effect of ITH on MO of Various Hog Liver Preparations 


The reaction vessels contained the equivalent of fresh tissue listed in the third 
column. Exception was made for Experiment 7, in which the number of mg. of nitro- 
gen are listed; the Q values, therefore, represent in this case the number of micro- 
atoms or micromoles per mg. of nitrogen. In Experiment 5, the enzyme was pre- 
pared from fresh mitochondria, in Experiment 6 from mitochondria previously 
treated with acetone, and in Experiment 7 by fractionation with ammonium sulfate. 
The duration of the experiments was 1 hour except for Experiment 1 (2 hours) and 
Experiment 6 (13 hours). The volume of the systems was 2 ml., except for Experi- 
ments 5 and 7 (3 ml.). The medium of Experiment 2 contained 0.13 m sucrose and 
0.04. Mm phosphate. The other conditions of measurement and presentation of results 
are those described as ‘‘standard.”’ 


| 


Oxygen uptake | Ammonia production 


— | Peeparation Weight | | Inhibition by IH | | Inhibition by IIH 
No. | | 
| 10°39 M | 10-4 M | 1073 
em. per cent | cenl | | per pore 
I Slices O.1 | 137 59 | 85 | 69 | 36 | 90 
2 Homogenate 0.25 | 23 | 15 | 51 | 62 
3 Mitochondria | 0.35 | 114 100 —s«100 | 38 100 100 
4 Microsomes 0.49 48 48 | 18 | 100 | 100 
5 | Freeenzyme | 0.77 $32; 31 | 90 | 17 42 | 94 
| O24 | | 100 | 100 | 22 100 100 
7 


0.46 15 100 100 10 | 100 | 100 


ture was transferred into Conway units; the amount of liberated ammonia 
was expressed as micromoles per hour per gm. (Qamn.). 

Concentrations were calculated for the final volume of the test solution. 
For actual values, blank determinations were subtracted from those for 
the complete reaction systems. 


Results 


Effect of ITH on MO of Various Species—Results obtained with rat and 
guinea pig preparations are summarized in Table I. MO of mitochondria 
prepared from hog kidney cortex and from liver or brain of mouse, rabbit, 
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cat, dog, hog, cattle, and man were inhibited from 90 to 100 per cent by 
10-4 m ITH. 

Sensitivity of Various Preparations of MO to ITH— Marked differences in 
the degree of inhibition were observed when MO was prepared in various 
ways (Table II). Similar results were found with rat liver MO. 

Inhibition of MO in Vivo—The application to dogs of 4 & 10-4 mole of 
ITH per kilo of body weight caused a total inactivation of MO in liver 
homogenate and 73 per cent reduction in activity of brain homogenate. 
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Fic. 1. Inactivation of rat liver MO by ILH. 5 & 10° mole of ILH per kilo of body 
weight were injected subcutaneously at zero time; the abscissas, therefore, indicate 
time between injection and sacrifice of the animals. Conditions of measurement of 
MO activity of homogenate are those described as “‘standard.’’ The ascending curve 
was determined by the method of least squares. 


A study of restoration of MO activity in intact rats as a function of time 
revealed that approximately 5 days were required for recovery of norma! 
activities of liver homogenate (Fig. 1) and of liver and brain mitochondria. 
The reappearance of MO might not have been due to a reactivation of the 
original enzyme molecule, but to the formation of new MO. 

Effect of ITH on Degradation of MO Substrates Other Than Tyramine— 
Tyramine was replaced as a substrate by tryptamine, 5-hydroxytrypta- 
mine (serotonin), epinephrine (Table III), butylamine, and amylamine. 
Under standard conditions, the same sensitivity of MO of liver mitochon- 
dria (cattle, rabbit) towards 10-4 mM ITH was recorded. 

Reversihility of MO Inhibition by I1H—-After having inactivated MO 
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in vitro with ILH, attempts to restore the activity of MO by dialysis were 


unsuccessful. 


TaBLe IIl 


Similar negative findings were observed when liver mito- 


Inhibition of Degradation of Tryptamine, 5-Hydroxrytryptamine, and 


Epinephrine by 


The reaction vessels contained mitochondria equivalent to 0.2 gm. of beef liver; 
substrates, 0.01 mM; the conditions of measurement and presentation of results are 
those described as “‘standard,;’’ epinephrine determination was carried out in the 


presence of | X 10 °° M evanide and 2 mg. of glutathione. 


Oxygen uptake 


Ammonia production 


Inhibition by | 


Inhibition by ITH 


Substrates 
Vox. } Cam 
1X 1 xX 
cent | per cont per cent | per ont 
5s | 9 100 100 97 
41 95 94 
|-Epinephrine bitartrate. 7 100 100 6 100 100 
TaBLe IV 


Effect of Substrate Concentration on Inhibition of MO by ITH 
The enzyme was prepared from hog liver mitochondria by ammonium sulfate frac- 
lionation; tvramine and inhibitor were added either simultaneously or MO was pre- 
treated with LLH at 38° for 30 minutes before the substrate was tipped into the en- 


zyme solution. 
with the exception of the incubation time (1 hour). 


The conditions of measurement are those described as ‘‘standard,”’ 
Ammonia produced per vessel 


per hour is reported. The percentage inhibition, calculated on the basis of the initial 
rate of oxygen uptake, was almost identical with the values for ammonia production. 


Inhibition 
Concentration of t 
meentration of tyramine snhibitor 
added simultaneously! preincubated 
“ mole percent per cent 
0.05 3.6 1 S4 
0.01 4.3 47 SS 
0.002 3.5 69 8O 
chondrial preparations, isolated from ITH-treated rats (6 X 10-5 mole per 


kilo), were subjected to dialysis in a constant flow apparatus. 


Even the 


exhaustive dialysis of a soluble MO, obtained from hog liver mitochondria, 
reduced the degree of inhibition only from 77 to 54 per cent. 

Protective Action of Substrate—The degree of inhibition of mitochondrial 
MO activity depended on whether ILH was added to the system prior to or 
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simultaneously with tyramine. In the former case, the substrate concen- 
tration did not notably influence the inhibitory response, while, in the 
latter instance, the inhibition decreased with increasing tyramine concen- 
tration (Table IV). 

In other experiments, preparations of free and mitochondrial MO were 
incubated with ITH for various periods before the substrate was added. 
The extent of inhibition increased with an increasing period of incubation. 
In general, the maximum was reached between 6 and 12 minutes (Fig. 2). 
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Fic. 2. effect of time of incubation on the action of ITH on MO. Kach Warburg 
vessel contained the amount of mitochondria equivalent to 0.2 gm. of guinea pig liver. 
IIH (5 & 10°° M) was tipped in from one side arm at successive intervals of 3, 6, and 
12 minutes ahead of tyramine, which was added from a second side arm. Conditions | 
of measurement are those described as ‘‘standard.’’ ) 


DISCUSSION | 


All results presented in this paper indicate that 1-isonicotiny!-2-isopro- 
pylhydrazine (ITH) acts directly on MO. Although tyramine protects the 
enzyme partially against inhibition, the interaction between enzyme and 
inhibitor is not based on simple competitive inhibition. Even in the ab- 
sence of substrate, some minutes were required to produce maximal in- 
activation. Furthermore, the blocking caused by ITH cannot be sub- 
stantially reversed as yet. ' 

The only preparations which are relatively unaffected by ITH are homog- | 
enates. This insensitivity apparently is due to agents present in the cel- 
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lular fraction obtained after the removal of the particulate matter by 
centrifugation of homogenate for 60 minutes at 150,000 X g, since the 
addition of this fraction to mitochondrial MO reduces its sensitivity to- 
wards IIH.’ Jn vivo these agents do not seem to come into play, as shown 
by the efficiency of IIH on MO of the intact animal. 

The changes wrought by IIH on MO can easily be detected in vivo. 
The pharmacological response to several sympatheticomimetic amines is 
potentiated by previous administration of ITH, in exact agreement with 
enzymological data (8, 9). The same is true for the changes produced by 
IIH on the metabolism of epinephrine (10). Finally, IIH has become a 
valuable aid in the histochemical determination of MO (11). Thus, ILH 
turned out to be a promising tool for the analysis of the metabolic function 
of MO and is used for this purpose in this and several other laboratories. 

There have been few reports published concerning the effect of ILH on 
enzymes. Diamine oxidase (2), spermine oxidase (12), and amphetamine 
deaminase (13)* are much less sensitive to IIH than MO. Bacterial cata- 
lase is only slightly susceptible to 0.03 m ILH (14), and beef spleen 
DPNase is 50 per cent inhibited by 0.002 m ITH (15). 


SUMMARY 


1. Monoamine oxidase (MQ) of mitochondrial preparations of various 
organs and several species is strongly inhibited by 10-4 m 1-isonicotinyl-2- 
isopropylhydrazine (IIH). 

2. MO of tissue homogenates is considerably less sensitive than soluble 
MO and MO of mitochondria, microsomes, and tissue slices. 

3. On administration to rats, [LH inactivates MO in vivo. The restora- 
tion of enzyme activity takes about 5 days. 

4. Preparations of I[H-inactivated MO cannot be reactivated by di- 
alysis. 

5. It takes 6 to 12 minutes of incubation of enzyme with ITH to produce 
maximal inhibition. Tyramine protects MO against the action of ITH. 
This protection becomes more effective with increasing tyramine concen- 
tration when substrate and inhibitor are added simultaneously to MO. 
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LIGHT SCATTERING OF p-GLYCERALDEHY DE-3-PHOSPHATE 
DEHYDROGENASE* 


By WALTER B. DANDLIKER anv JAY B. FOX, Jr. 


(From the Department of Biochemistry, University of Washington, Seattle, 
Washington) 


(Received for publication, August 12, 1954) 


The properties and structure of rabbit muscle p-glyceraldehyde-3-phos- 
phate dehydrogenase (1) are of special interest and importance, since this 
enzyme is a readily available crystalline pyridino protein with a firmly 
bound coenzyme. Evidence has been presented recently (2, 3) that, as 
isolated from skeletal muscle, the enzyme is combined with 2 moles of 
DPN! per mole of protein. It is inherent in the concepts of molecular 
structure that an enzyme molecule capable of binding a coenzyme must 
possess an integral number of coenzyme binding sites. If a particular 
protein preparation with an enzymatic function (and homogeneous by the 
usual standards) is found experimentally to have an integral number of 
such sites per mole, this fact may be regarded as indicative, although not 
conclusive, evidence that the protein molecule and the enzyme molecule 
are identical. The application of this criterion obviously requires accurate 
data not only on the maximal coenzyme-binding capacity per unit mass, 
but also on the protein molecular weight as well. 

The only reported molecular weight for glyceraldehyde phosphate de- 
hydrogenase was obtained by Taylor (4) using sedimentation and diffusion. 
In view of the importance of the conclusions based upon this constant, it 
seems desirable to redetermine it by a second independent method. 


EXPERIMENTAL 


Preparation of Enzyme—The enzyme was prepared from rabbit skeletal 
muscle by the method of Cori, Slein, and Cori (1), except that 0.002 m 
EDTA (disodium salt) was added (5) to all reagents used in the prepara- 
tion. The enzyme was recrystallized from four to eight times before use 
and stored near 0° as a crystal suspension in the mother liquor. Enzyme 
prepared in the absence of EDTA was found to lose enzymatic activity 
rapidly at room temperature and to be unstable in light scattering experi- 
ments, whereas that prepared in the presence of EDTA was very stable. 


* This work was supported by funds from Initiative 171, State of Washington. 
The technical assistance of Mr. Nozar Pirzadeh is gratefully acknowledged. 

' The following abbreviations are used: DPN for diphosphopyridine nucleotide; 
EDTA for ethyvlenediaminetetraacetic acid. 
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The addition of EDTA was kindly suggested by Professor EK. Racker who 
previously observed the stabilizing effect. Before use, the crystals were 
centrifuged and dissolved in and equilibrated with the appropriate buffer. 

Activity Measurements—Enzymatic activity was assayed by the pro- 
cedure of Cori ef al. (1) with glyceraldehyde-3-phosphate as a substrate 
and by the method of Warburg and Christian (6) and of Velick (7) with 
glyceraldehyde as a substrate. 

DPN Assay—The enzyme was assayed for DPN by enzymatic reduction 
according to Taylor et al. (2), except that glyceraldehyde was used as the 
substrate. A typical reaction mixture contained sodium pyrophosphate 
0.03 mM, cysteine 0.004 mM, sodium arsenate 0.0062 mM, pi-glyceraldehyde 
0.029 m, and enzyme 5 mg. per ml., the final pH being 8.3. The molar 
extinction coefficient of reduced DPN at 340 mu was taken to be 6250 from 
Ohlmeyer (8) and Horecker and Kornberg (9). It may be pointed out 
that no assumption has been made here that this method gives an accurate 
measure of the total DPN content of the enzyme, the results of the assay 
being chiefly of interest for comparison with previous work (3). 

Absorption M ecasurements—Measurements of light absorption were made 
in a Beckman DU spectrophotometer with 1 em. quartz cells. The wave- 
length scale was checked at the 4358 and 5461 A mercury lines. The 
photometric scale was calibrated at several points with alkaline potassium 
chromate solutions from the absorption data of Haupt (10). 

Protein Concentration—Protein concentration was measured routinely by 
absorption at 280 mu. The value used for the absorptivity of the enzyme 
was based upon a dry weight measurement on electrodialyzed solutions. 
The solutions were evaporated at about 70° overnight in a hot air oven 
and the residues dried to constant weight at 100° in vacuo over phosphorus 
pentoxide. 

Refractive Index Increment—Refractive indices were measured in a 
Phoenix differential refractometer which had been calibrated with potas- 
sium chloride, from the data of Kruis (11) (cited by Stamm (12)). The 
protein solutions were electrodialyzed and measured versus water. 

Electrodialysis—A Pauli type apparatus of 15 ml. capacity was used. 
After an ordinary dialysis against distilled water the solutions were clectro- 
dialyzed until the conductivity of the protein solution was nearly constant 
(~48 hours). 

Light Scattering Measurements. Apparatus» -Measurements of scattered 
intensity were carried out with an instrument? deseribed by Brice ef al. 
(13) with very minor modifications. The stability of the instrument was 
increased somewhat by using a General Electric A-H4 mercury are as the 


2 Purchased from the Phoenix Precision Instrument Company, Philadelphia, 
Pennsylvania. 
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light source. A precision helical potentiometer was placed in the galva- 
nometer circuit to permit the galvanometer to be used at constant deflec- 
tion. The potentiometer itself furnishes the damping resistance for the 
galvanometer. The solution cell for seattering measurements was. of 
square cross-section (Lem. X | em.) and required about 3.5 ml. of solution. 

Calibration—The results were reduced to an absolute scale by two 
methods. In the first, intensities were compared with the scattering from 
a standard sample of Dow Styron (polystyrene), kindly furnished by Dr. 
P. Debye and Dr. A. M. Bueche of Cornell University. The reduced in- 
tensity for a 0.75 per cent solution of this standard in butanone was taken 
from the measurements of Carr and Zimm (14). 

In the second method a sample of colloidal silica (du Pont Ludox) was 
diluted to approximately 0.6 per cent in 0.2 mM NaCl and centrifuged at 
5000 X g for 3 hours. The transmission of the supernatant fluid was 
measured in a Beckman DU spectrophotometer with 10 cm. cells and a 
mercury are source. Both the angular dependence and polarization of a 
silica sol prepared in this way are very small, and hence the reduced in- 
tensities are readily calculated from the measured turbidity. This method 
of calibration has been used by Edelhoch et al. (15), by Mommaerts (16), 
and by Oth ef al. (17). The results of the two calibrations, differing by 
about 2 per cent, were averaged in computing the instrument constant. 

Neutral filters used in the light scattering measurements were calibrated 
by transmission measurements both in a Beckman DU spectrophotometer 
and in the light scattering instrument. These two methods agreed to 
within 1 per cent. 

Correction Factors—The correction factors applied to the light scattering 
measurements deserve special mention. 

1. Correction for turbidities measured in a spectrophotometer. Since 
not only transmitted light but also some scattered light enters the pho- 
tometer, it is necessary to make an extrapolation with diaphragms of suc- 
cessively smaller size over the phototube. For our instrument the tur- 
bidity (for a silica sol in a 10 em. cell) obtained by extrapolation is 1.03 
times as great as the value obtained with no diaphragm. 

2. Refractive index and volume corrections (C, and (,). The correc- 
tions derived by Carr and Zimm (14) were used throughout. 

3. Refractive index correction for the transmitted intensity. The nec- 
essary correction is easily obtained experimentally by comparing trans- 
mitted intensities at constant incident intensity for liquids of different 
refractive indices. In comparing dilute aqueous solutions with the poly- 
stvrene standard in butanone, it was found that a factor of 1.01 should be 
introduced. 

4. Attenuation of the transmitted beam by scattering. For the rather 
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Fig. 1. Light seattering of p-glyceraldehyde-3-phosphate dehydrogenase at 436 
my. so,,is the reduced scattered intensity (em.~'), while ¢ is the protein concen- 
Curve A, in potassium phosphate buffer, pH 6.55, ['/2 = 
0.10; Curve B, in potassium phosphate buffer, pH 7.6, T/2 = 0.135; Curve C, in 
In each case circles indicate that 0.002 mM DTA 
was present in addition to the other electrolytes; squares, no EDTA. 


tration in gm. per ml. 


0.15 m sodium chloride at pH 7.3. 


Fig. 2. Light seattering of p-glyceraldehyde-3-phosphate dehydrogenase at 546 \ 
mu; symbols as in Fig. 1. 
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high turbidities of the silica or polystyrene solutions it cannot be assumed 
that the transmitted intensity is equal to the incident intensity. The 
square cell used in this case compensates at least partly for this factor, and 
no correction was made. 

5. Sensitivity of the photomultiplier tube to the state of polarization. 
The 1P21 tube used was found to respond equally (+1 per cent) to the 
horizontal and vertical components, and no correction was necessary. 

Preparation of Solutions—Solutions of the enzyme in the appropriate 
buffer or salt solution were centrifuged either at 20,000 * g or at 80,000 
xX gy for 2 to 4 hours. The supernatant fluid was then drawn off for light 
scattering measurements. The intensities from solutions centrifuged at 


TABLE 
Light Scattering of Glyceraldehyde Phosphate Dehydrogenase 
Solvent do (€/Roo, O M X 
A 
Potassium phosphate, pH 6.55; '/2 = 0.10 4358 11.40 1.46 
5461 | 29.6 1.48 
7.6; 1/2 = 0.135 4358 12.0 | 1.39 
| 5461 | 30.6 | 1.43 
Sodium chloride, 0.15 m; pH 7.3 4358 eae ee 
5461 | 29.7 | 1.47 


For the calculations above the following values were taken for other necessary 
constants: depolarization (p90, u) = 0.01; dn/de = 0.190 at 4358 A and 0.185 at 5461 A. 
*c¢ in gm. per ml. 


the higher speed were found to be as much as 5 per cent below those 
centrifuged at 20,000 « g. All glassware used in handling the centrifuged 
solutions was washed in dust-free water from an enclosed Pyrex still and 
dried either in an oven or by acetone vapor. Measurements were made 
only on solutions found to be free of dust when viewed at low scattering 


angles. 


Results 


Data from the light scattering experiments are shown in Figs. 1 and 2. 
The extrapolated values of (c/Rgo,.) are given in Table I together with 
molecular weights calculated from Equation 1, after correction for de- 
polarization. 

The ultraviolet extinction coefficient at 280 my, 7.c. 1/le log (19/1), was 
found to be 1000, where / is the path length in em. and ¢ the concentration 
ingm. per ml.; Velick’s value (3) for the same constant is 1017. The re- 
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fractive index increment for the enzyme was found to be 0.190 at 4358 A 
and 0.185 at 5461 A with concentration in gm. per ml. Duplicate determi- 
nations of the DPN content of the enzyme were in good agreement and 
indicated that 58,500 gm. of enzyme contain 1 mole of DPN. This agrees 
closely with the value given by Velick et al. (3). The preparations used 
in this work were found to have enzymatic activities ranging up to about 
2.5 times those reported by Cori ef al. (1). 


DISCUSSION 


Molecular weights from light scattering can be found from Equation 1 
for two-component systems. 
KM 


Roo, is the reduced excess scattered intensity at 90° with unpolarized in- 
cident light; 7 is the molecular weight of solute present at concentration 
c (expressed here in gm. per ml.), and K = 42?n? (dn/dc)?/XotNo where n is 
the refractive index of the solvent, dn/dc the refractive index increment, 
Ao the wave-length in vacuo, and No Avogadro’s number. When three or 
more components are present, the light scattering equation takes the form 
(18) 
kK” p> Vv; Aj; 

— (2) 


R = - 
2 | ai; | 


where K” = 1000K, ((dn/de)*). In Equation 2 the determinant | a;; | con- 
sists of terms a;; = 0 In a;/dm;, where a; is the activity of component 1 


and m; is the molarity of component j. In the double summation extend- | 


ing over all but one of the components, the term A,; denotes the cofactor — 


of the term a;; in the determinant | a,;|; that is, the determinant obtained 
from |aj;| by striking out the row and column in which aj; appears and 
multiplying the resulting determinant by +1 if 7 + 7 is even and by —1 
if? + jis odd. W stands for the molar refractive increment. Equation 2 
reduces to Equation 1 for two components. 

The systems actually studied contained four components. To calculate 
the additional terms in Equation 2 requires knowledge of the coefficients 


a,j; in the case of Curve A in Fig. 1, for example, one needs data on the | 


change in activity of protein with changing concentration of dipotassium 
hydrogen phosphate, at constant protein concentration. Fragmentary 
data of this sort are available from equilibrium dialysis experiments (19), 
but are not sufficiently extensive to be applied to the problem at hand. 
The system bovine serum albumin, sodium chloride, and water has been 
thoroughly investigated by Edsall ef al. (20). Only one term in Equation 
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2 was found to be significant; hence Equation 1 describes the scattering 
satisfactorily. In the present case it is not certain that the same approxi- 
mation can be made, since phosphate is known to be bound strongly by 
the enzyme (19). However, the data in sodium chloride (Figs. 1 and 2 
and Table I) are very similar to those in phosphate, and it seems likely 
that the contributions of the phosphate-protein interaction to the scatter- 
ing can be neglected. It may be noted from Table I that the results ob- 
tained in potassium phosphate at pH 7.6 give the lowest values for M. 
These solutions were clarified at 80,000 * g and probably represent the 
most reliable values. Data in sodium chloride and in phosphate of pH 


TABLE II 
Molecular Weights of Proteins by Different Methods 
M X 
Protein 
ee X-ray Osmotic pressure | Light scattering 

Lysozyme 14.7 (21) 13.9 (22) | 17.5 (23) | 14.8 (24) 

| | (21) 
Lactoglobulin 35.4 (25) 35.4 (26) | 35.0 (27) | 35.7 (24) 
Ovalbumin 49.0 (28) 37.5 (29) | 44.9- 45.7 (24) 

| | (380) 

| 45.2 (31) | 

| -46.0 (32) 
Bovine serum albumin 68.0 (33) 70.0 (34) 75.0 (20) 
65.4 (35) 69.0 (36) 98.0 (24) 
(15) 
69.8 (37) 


* The figures in parentheses denote bibliographic references. 
t Unpublished data of J. L. Oneley cited by FE. J. Cohn (33). 


6.55 were obtained on solutions centrifuged at 20,000 X g. At the higher 
speeds an appreciable fraction of the protein in solution undergoes true 
sedimentation and results in the formation of a transparent, gelatinous 
pellet on the bottom of the centrifuge tube. This pellet serves to entrap 
particles of dust or other impurities and facilitates the withdrawal of an 
optically clean sample of solution. Still larger fields would be expected to 
result only in further sedimentation of the protein without changing the 
light scattering results. 

An estimate of the reliability of light scattering as a means of determin- 
ing protein molecular weights can perhaps best be arrived at by a com- 
parison of light scattering results with those of other methods such as 
sedimentation and diffusion, osmotic pressure, and x-ray diffraction. 
Molecular weight values for several proteins studied by these methods are 
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summarized in Table II. It appears from these data that the molecular 
weights from light scattering agree quite well with those of other estab- 
lished methods. In the particular case of bovine serum albumin, recent 
work (37, 15) has shown that preparations of this protein may be con- 
taminated with high molecular weight impurities, which probably explains 
the high and variable results obtained by earlier measurements (24). 

The data presented here indicate that the molecular weight of muscle 
glyceraldehyde phosphate dehydrogenase is about 140,000. Taylor (4) re- 
ported a value of 118,000 from sedimentation and diffusion, which agrees 
very well with the 2 DPN molecules found by enzymatic assay. Since it 
is possible that the molecular properties of the enzyme prepared with and 
without EDTA are different, we are investigating the sedimentation and 
diffusion behavior of our preparations. 


SUMMARY 


A light scattering investigation of p-glyceraldehyde-3-phosphate dehy- 
drogenase from rabbit muscle has been made in three different support- 
ing electrolytes and at two wave-lengths. The curves of Rgo.../c¢ versus c 
extrapolate with only a small concentration dependence to give a molecular 
weight not lower than about 140,000. 
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THE MODE OF INACTIVATION OF INSULIN BY RAT 
LIVER EXTRACTS* 


By HENRY IL. TOMIZAWA, MARY L. NUTLEY, HIROMICHI T. 
NARAHARA,ft ROBERT WILLIAMS 


(From the Department of Medicine, University of Washington School of Medicine, 
Sealtle, Washington) 


(Received for publication, August 18, 1954) 


Studies with insulin-I"' in vivo have suggested that insulin is rapidly 
cleaved after intravenous injection into rats (3-5). This apparent degra- 
dation was found to be significantly decreased after hepatectomy (3), an 
observation consistent with the finding that the liver is “gan of inacti- 
vating or removing insulin tn vivo (6). 

In 1929, Shmidt and Saatchian reported that inactivation of insulin by 
rat tissue extracts occurred to the greatest extent with extracts of the liver 
(7). Their finding was confirmed by Mirsky and Broh-Kahn, who carried 
out extensive studies with the liver extract system at pH 7.5 (8). These 
workers reported that denatured hemoglobin was not proteolytically de- 
graded by this insulin-inactivating system and that soy bean inhibitor and 
human serum were not inhibitory to the inactivation of insulin. They 
therefore suggested the possibility of a non-proteolytic inactivation of in- 
sulin. This question of proteolysis was reinvestigated by De Barbieri 
and Grassi (9), who found that denatured globin and peptic hydrolysates 
of globin were degraded by rat liver extract at pH 7.5 and 3.5. They 
suggested that, since proteolytic activity was demonstrable, insulin was 
probably proteolytically inactivated. 

In order to try to obtain a definitive answer to this question, a program 
Was initiated to investigate the mode of insulin inactivation by rat liver 
extract. In this study, evidence was obtained which indicates that insulin 
is probably proteolytically inactivated by rat liver extract. 

Preparation of Extract—This was essentially the procedure of Mirsky 
and Broh-Kahn (8). Sprague-Dawley rats weighing 200 to 300 gm. were 
used without fasting. They were decapitated, and the liver was excised 
and placed in ice-cold water. In the cold room, the liver was homogenized 
for 2 minutes with water or 0.067 m phosphate buffer, pH 7.5. After cen- 


* This research was supported by funds granted by the Atomie Energy Com- 
mission, the United States Public Health Service, Eli Lilly and Company, and Initia- 
tive 171, State of Washington. A preliminary report of this work has been pub- 
lished (1). During the preparation of this manuscript, a report was published 
concerning the destruction of insulin-I'*' by rat liver slices (2). 

t Research Fellow, United States Public Health Service. 
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trifugation for 10 minutes at 10,000 * g, the extract was filtered through 
gauze and kept on ice. All extracts were prepared immediately before use. 

Substrate—This usually consisted of a small amount of insulin-I'*' solu- 
tion,' with amorphous insulin as additional carrier. The substrate was 
brought to the desired volume with water or 0.067 mM phosphate buffer, 
pH 7.5. Generally, the latter solvent was used except in studies in which 
close reproduction of the procedure of earlier workers (8) was desired. At 
concentrations not readily soluble in these solvents, amorphous insulin was 
first dissolved in a few drops of 0.01 nN HCl. Before use, each aliquot of 
insulin-I'*! solution was dialyzed overnight at 5° against 0.067 mM phosphate 
buffer, pH 7.5. Insulin-I"*' solution, when used without additional carrier, 
was simply diluted with the appropriate solvent after dialysis. 

Incubation—This was performed in a Dubnoff incubator at 37°. The 
mixture was shaken at a rate of 65 cycles per minute. Incubation was 
terminated by pouring the mixture into an equal volume of 10 per cent 
trichloroacetic acid (TCA) in a 15 ml. centrifuge tube. The beaker used 
in the incubation was rinsed with water, and the contents of the centrifuge 
tube were mixed thoroughly. After standing for 30 minutes, the material 
was centrifuged. The precipitate was then washed twice with 5 per cent 
TCA. 

Assays—The amount of radioactivity in the precipitate and combined 
supernatant fluid was determined with a well type y counter. Before 
counting, the precipitate was dissolved in 30 per cent KOH and diluted 
to a volume equal to that of the supernatant solution. The extent of 
degradation was expressed either as the percentage of radioactivity in the 
supernatant fluid or the counts per minute in the supernatant fluid. The 
control value for the small amount of non-precipitable radioactivity in the 
insulin-I'*! was determined by the TCA precipitation of insulin-I'* in a 2 
per cent solution of dried human plasma. After a 12 hour dialysis of 
insulin-I'*!, this correction value was less than 1 per cent of the total radio- 
activity. 

In addition to the radioactive assay, two other assays were used. In 
some experiments, the supernatant solution was assayed for nitrogen by a 
semimicro-Kjeldahl method. In others, an aliquot of the incubation mix- 
ture was tested for biological activity of insulin according to the rabbit 
hypoglycemia method of Mirsky and Broh-Kahn (8). 


! Proteins were iodinated by the Abbott Laboratories. Crystalline zine insulin, 
assaying 26 units per mg., was a gift of Eli Lilly and Company. After the iodination 
of this insulin, analysis indicated that the resultant insulin-I'*' solution contained 
carrier, since there were more than 2 insulin molecules for each iodine atom. Of 
these iodine atoms, no more than 1 in 500 was believed to be radioactive, since iodina- 
tion was carried out in this ratio of I'':1'?7. Amorphous insulin, assaving 19 units 
per mg., was also kindly supplied by Eli Lilly and Company. 
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RESULTS AND DISCUSSION 


Upon incubation of insulin and insulin-I"™! with liver extract, there was 
a rapid rise in the radioactivity in the TCA supernatant fluid. This is 
demonstrated in Fig. 1. The increased supernatant radioactivity was 
thought to be the result of proteolysis or direct deiodination of insulin- 
I. The latter mechanism seemed less likely because of the following 
observations. Based on the work of Harington and Neuberger (10), iodine 
substitution was probably exclusively on the 3 and 5 positions of the tyro- 
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Fic. 1. Changes with time in per cent radioactivity in TCA supernatant fluid. 
125 y of insulin and 5 y of insulin-I'* in 1 ml. of phosphate buffer, pH 7.5, were incu- 
bated with 1 ml. of extract. The extract was obtained after homogenizing rat liver 
with 3 times its weight of phosphate buffer, pH 7.5, then centrifuging. Values for 
triplicate samples were plotted to demonstrate reproducibility. 


sine residues in this lightly iodinated insulin. Tong, Taurog, and Chaikoff 
(11) have reported that, although diiodotyrosine was readily deiodinated 
by rat liver slices, N-acetyldiiodotyrosine was not. This observation sug- 
gests that the free amino group is necessary in the deiodination of iodo- 
tyrosine by rat liver zn vitro. Since insulin contains no N-terminal tyrosine 
residues, the possibility of a large degree of direct deiodination of insu- 
lin-I'*' in rat liver extract appears unlikely. 

An experiment concerning the question of direct deiodination of I['*!- 
labeled proteins was performed with human serum albumin-I"*! and ribo- 
nuclease-I'*!, Unlike the result with insulin-I"*', there was essentially no 
radioactivity in the TCA supernatant solution after incubation of either 
substance with rat liver extract. This is shown in Fig. 2. This study 
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provided good evidence for the lack of an enzyme in liver extract capable 
of deiodinating I'*!-labeled proteins and, therefore, supported the view that 
with insulin-I'*' proteolysis was the main cause for the rise in radioactivity 
in the TCA supernatant solution. In addition, these results suggested the 
possibility that all native proteins might not be attacked by the rat liver 
system. 

In order to determine whether non-labeled insulin was also a substrate 
for the enzyme system in question, the technique of competitive substrates 
(12) was utilized. Preliminary to this, it was essential to determine the 


70; 


60 


90° 
o Insulin 
40- a 3549 Ribonuclease -1'* 


e 25449 Human serum albumin-1'>! 


% RADIOACTIVITY IN TCA SUPERNATANT 


5 IS MINUTES 40 
Fic. 2. Changes with time in per cent radioactivity in TCA supernatant fluid. 
ach iodinated protein in 1 ml. of phosphate buffer, pH 7.5, was incubated with 1 
ml. of extract. Extract prepared as described in the legend of Fig. 1. 


concentration of additional non-labeled insulin necessary in such a study. 
A plot of substrate concentration versus velocity is presented in Fig. 3. 
The ratio of insulin-I'*' to amorphous insulin was the same at all levels 
of substrate concentration. Velocity was apparently proportional to the 
amount of substrate at lower concentrations, but this rate became less 
dependent on substrate concentration when, with increased substrate lev- 
els, the enzyme was apparently no longer present in excess. As a quan- 
tity of 125 y of insulin resulted in a system in which the enzyme appeared 
not to be in excess, this amount of amorphous insulin was used in a com- 
petitive substrate study with a given amount of insulin-I'. The addition 
of excess amorphous insulin, in addition to making the enzyme concentra- 
tion limiting, increased the ratio of insulin to insulin-I"'. As shown in 
Fig. 4, this addition had a marked slowing effect on the rate of degradation 
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of a fixed amount of insulin-I', This effect was also noted when excess 
crystalline zine insulin':? was used. These results indicated that non- 
labeled insulin was competing with insulin-I'*' in its degradative system or 
was acting as an inhibitor to the system. 

Experiments were performed in order to learn whether the above effect 
was the result of competition or inhibition. Amorphous insulin, in a 


COUNTS /MINUTE x 107° IN TCA SUPERNATANT 
° 


5. 


5 20 80 100 
+125 +5 +10 +15 +20 +25 
Insulin + Insulin 


Fig. 3. Change in velocity with increasing substrate concentration. The sub- 
strates were dissolved in phosphate buffer, pH 7.5, and incubated for 5 minutes with 
I ml. portions of extract. Extract prepared as described in the legend of Fig. 1. 


larger quantity, was incubated with a more concentrated liver extract and 
increase in non-protein nitrogen was determined by a semimicro-Kjeldahl 
determination of the TCA supernatant solution. As shown in Table J, 
there was a significant rise in the non-protein N over the control upon 
incubation of insulin with extract. Similar results were obtained when 
zinc insulin’: * was used. In a study with amorphous insulin and insulin- 
I!) increase in supernatant radioactivity and rise in non-protein N over 
control were determined with the same samples. As shown in Fig. 5, both 


* Before use, crystalline zine insulin was freed of zine by dialysis in order to in- 
crease its solubility in phosphate buffer. 
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leveled off at approximately the same time, suggesting that each is a meas- 
ure of insulin degradation. 
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hia. 4. Change with time in per cent radioactivity in TCA supernatant fluid, 
Incubation with of extract of 5 y of insulin- without and with 125 y of insulin. 
extract prepared as described in the legend of Fig. 1. 


Rise in Non-Protein N upon Incubation of Insulin with Extract 


The extract was obtained after homogenizing rat liver with an equal weight of 
phosphate buffer, pH 7.5, then centrifuging. 1 ml. of extract was incubated with 
1 ml. of phosphate buffer, pH 7.5, with and without 3 mg. of insulin. Duplicate 
samples were run. The combined supernatant fluid of each sample was filtered be- 
fore analysis. 


Non-protein N : 
Increase in 


Omin.incubation 30 min. incubation 


68 236 


The results of these experiments suggest that non-labeled insulin is 
proteolytically degraded by rat liver extract in competition with insulin- 

Also, the radioactive insulin assay was compared directly with the rabbit 
hypoglycemia test. For the bioassay, a volume of incubation mixture was 
injected by cardiac puncture into fasted rabbits, each weighing approxi- 


3 

a 
| | 

fer 

en 

acd 

nat 
are 
rear 

nec 

sm: 

lute 

rad 

amc 


TOMIZAWA, NUTLEY, NARAHARA, AND WILLIAMS 291 


mately 2 kilos, such that a dose of preincubation potency of 2 units of 
insulin was given per kilo of body weight. Blood samples were drawn at 
30 and 60 minutes after injection. The 30 and 60 minute blood sugar 
levels were expressed as a percentage of the preinjection level. The sum 
of these percentages has been designated by Mirsky and Broh-Kahn as 
“pooled percentage of the initial blood sugar’ (8). Since this value has 
an inverse relationship with the biological potency of insulin, the pooled 
percentage approaches the uppermost value of 200 as the inactivation of 
insulin proceeds. 
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Fig. 5. Changes with time in non-protein N and per cent radioactivity in TCA 
supernatant fluid. 3 mg. of insulin and 10 ¥ of insulin-I'*' in 1 ml. of phosphate buf- 
fer, pH 7.5, incubated with 1 ml. of extract. The extract was obtained after homog- 
enizing rat liver with an equal weight of phosphate buffer, pH 7.5, then centrifuging. 


At the time of injection, the remainder of each incubation mixture was 
added to TCA and assayed for percentage of radioactivity in the super- 
natant fluid. 

The results of an experiment in which these two assays were carried out 
are presented in Fig. 6. These two methods of following the course of 
reaction yielded similar results. 

This experiment in no way indicates the extent of degradation of insulin 
necessary for its complete biological inactivation. One reason is that a 
small scale insulin bioassay is a measure of its relative rather than its abso- 
lute amounts. Another consideration is the fact that the percentage of 
radioactivity in the TCA supernatant fluid does not reveal the exact 
amount of insulin degraded. The reason for this is that the location of 


ith. 

of 

ith 

ite 

is 

in- 

bit 

vas 


292 INACTIVATION OF INSULIN IN VITRO 


the iodinated tyrosyl! residue or residues, the point or points of cleavage, and 
the solubility of the split-products in TCA have not been established. 
Nevertheless, these results do suggest that increased degradation as assayed 
by the rise in TCA-soluble radioactivity is associated with decreased bio- 
logical activity. 

As further comparison between these two assay methods, studies of vari- 
ous inhibitors with known effects on the insulin-inactivating action of liver 
extract were repeated. In these cases the assay for radioactivity was 
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hia. 6. Change with time in pooled percentage and per cent radioactivity in TCA 
supernatant fluid. units of amorphous insulin and 5 y of insulin in mil. of 
water were incubated with l ml. of extract. The extract was obtained after homog.- 
cnizing rat liver with 3 times its weight of water, then centrifuging. Extract ad- 
justed to pI} 7.5 with Ln NaOH before use. leach point is the average value of five 
determinations, Fresh extract was prepared for each of the five sets of 5 and 30 
minute incubations. 


carried out and the results were compared with those of Mirsky and Broh- 
Kahn (8) in which the rabbit assay was used. The data are reported in 
Table Il. Again, the similarity of the results of the two assay methods 
was demonstrated. Finally, since De Barbieri and Grassi (9) investigated 
proteolytic activity in rat liver extract at pIl 3.5, the proteolysis of insulin- 
I'* at this pH was compared with that at pIl 7.5. The latter is the pH 
which Shmidt and Saatchian (7) reported as optimal for insulin inactiva- 
tion. The results in Table II] indicate that insulin is probably not de- 
graded at pH 3.5. 

Proteolysis of insulin by rat liver extract at pH 7.5 may involve cleavage 
of peptide bonds alone or, in addition, may include the splitting of disulfide 
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bonds. Some studies on the substrate specificity of this insulin-inactivat- 
ing system have been described in the preliminary communication (1). 
It appears that several native proteins are not susceptible to rapid attack 
by the enzyme or enzymes in question. Further work will be carried out 


TABLE II 


Comparison of Radioactive and Biological Methods for Detecting Inhibitory Effect 
of Various Substances on Insulin-Inactivating System 


The extract was obtained after homogenizing rat liver with 3 times its weight of 
water, then centrifuging. The extract was adjusted to pH 7.5 with 1 nN NaOH be- 
fore use. S units of insulin, 5 of insulin-I'', and test substance in 1 ml. of aqueous 
solution were incubated with | ml. of extract for 30 minutes. The pooled percentage 
values were those obtained by Mirsky and Broh-Kahn (8). 


Per cent 


Substance Final concentration | Pooled percentage | radioactivity in 
| ICA supernatant 
Manganous sulfate. 0.001 Ca. | 21 
Soy bean inhibitor | 0.45 mg. | 212 21 
Cupric sulfate... 0.0005 91 
Zine sulfate 0.0005 ** 118 5 
lodoacetate 0.001 117 20* 
lodosobenzoate 0.001 S4 13 


* lodoacetate in the concentration of O.OOL Mm was slightly, though consistently, 
inhibitory, At Q.002 M, the inhibition was marked (13 per cent radioactivity in the 
TCA supernatant fluid), 


Comparison of Degradation of Insulin 1 at pH 3.6 and 7.6 


The extract was obtained after homogenizing rat liver with 1.5 times its weight 
of water. OSml. of extract was incubated with 105 of insulin Tin 1.5 ml. of solu 
tion of buffer. Pertod of tneubation, 30 minutes. 


. Per cent radioactivity in 
pH Buffer TCA supernatant 


3.5 0.2 mM phthalate <1 
5 


0.067 mM phosphate 20 


in order to determine the nature of the labile linkage or linkages in insulin. 
For this purpose, a program concerned with the purification of the enzyme 
or enzymes involved has been initiated. 


SUMMARY 


Evidence is presented indicating that insulin is probably proteolytically 
inactivated by rat liver extract at pH 7.5. 
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The authors are indebted to Dr. N. J. Elgee and Miss Ruthe Bailey for 


performing the insulin bioassays. 
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THE EFFECT OF AZIDE ON PHOSPHORYLATION 
ACCOMPANYING ELECTRON TRANSPORT 
AND GLYCOLYSIS* 
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(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, September 7, 1954) 


The dissociation of respiration from synthetic processes by azide was 
shown by studies of Clifton in 1937 (1) and by the results of subsequent 
investigations (2-4). Hotchkiss in 1944 made the significant observation 
that, although bacterial respiration was enhanced by azide, inorganic 
orthophosphate (P;) uptake was decreased (5). The ability: of azide to 
uncouple oxidation of substrates from net adenosinetriphosphate (ATP) 
synthesis in intact cells and cell-free preparations has been well established ; 
present evidence suggests that the uncoupling action of azide, like that 
of 2,4-dinitrophenol, is on the electron transport between reduced co- 
enzymes and oxygen (6-9). The uncoupling would result if a phos- 
phorylated intermediate were rendered unstable or if the initial uptake of 
P; did not occur although electron transfer continued. Experiments la- 
beled with P; labeled with P® and O* which favor the latter possibility 
are presented in this paper. 

A second objective was to examine the relation of azide to phosphoryla- 
tions accompanying anaerobic glycolysis. Data obtained by Spiegelman, 
Kamen, and Sussman have been interpreted as showing that azide dissoci- 
ates anaerobic glycolysis from ATP synthesis (3). This suggestion, which 
has been accepted in more recent publications (10, 11), is considered un- 
tenable in view of the experimental results presented herein. 


Materials and Methods 


Manometric measurements were made with the Warburg apparatus by 
conventional techniques, Py was determined essentially as deseribed by 
Lowry and Lopez (12) or with the use of ferrous sulfate as a reducing agent 
aecording to Sumner (18). Tn experments with yeast acetone powders 
chilling of the flasks before addition of an equal volume of 0.6 mM trichloro 
aweetie acid was necessary to obtam clear supernatant solutions, ‘The 
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enzymic reaction was conveniently stopped by addition of sufficient HC! 
to lower the pH to about 3 before chilling the flasks. 

Sodium azide (Eastman) was used without further purification in the 
experiments with yeast and after crystallization from ethanol-water in 
experiments with liver mitochondria. 

Mitochondria were prepared from fasted rat livers which were minced 
and ground in 0.25 M sucrose containing 10-4 m ethylenediaminetetraacetate 
essentially as described by Schneider (14), except that the initial residue 
of nuclei and cellular débris was not reextracted. The fluffy layer of 
microsomes was swirled off and discarded after sedimentation of the mito- 
chondria in a Servall high speed centrifuge and the mitochondria were 
washed twice by resuspension in the sucrose medium. For the enzyme 
runs the washed mitochondria were resuspended in a volume (in ml.) of 
0.25 m sucrose equal to the gm. of fresh liver. Emphasis in the preparation 
was on isolation of “clean” mitochondria, not on isolation of high yields. 

The yeast acetone powder was prepared by a modification of the pro- 
cedure of Hochster and Quastel (15). A suspension of fresh brewers’ 
yeast was chilled to 6° and filtered through a Biichner funnel in a cold room, 
and the yeast was washed three times by suspension in ice-cold 0.85 per 
cent NaCl, stirred for 5 minutes, and refiltered. 20 gm. portions of the 
washed yeast were ground vigorously for 10 minutes in a chilled Pyrex 
mortar with an approximately equal volume of 20 to 30 mesh Pyrex glass 
and 10 ml. of 0.11 M nicotinamide solution, pH 7.0. The ground veast 
was mixed with an equal volume of 0.85 per cent NaCl and the slurry was 
centrifuged. The milky supernatant liquid was poured into 6 volumes of 
vigorously stirred ice-cold acetone. The precipitate was collected by 
centrifugation, washed twice by suspension and centrifugation from cold 
acetone, transferred to a Biichner funnel with aid of acetone, and washed 
with cold acetone. The acetone was removed by drawing air through the 
cake, and the product was dried in a vacuum desiccator over POs and 
stored in a refrigerator. Before use the acetone powder was triturated in 
a ratio of 25 mg. of powder per 0.3 ml. of water. 

For measurement of the amount of P® present in ATP, the ATP in the 
trichloroacetic acid supernatant solutions was adsorbed on 100 mg. of 
charcoal (16), followed by three careful washings to remove P;. The 


washed charcoal was transferred to a planchet with the aid of several small | 


volumes of alcohol, and the samples were dried under an infra-red lamp 
and counted with a Geiger tube by conventional techniques. Azide did 
not interfere with the adsorption of ATP on the charcoal. Measurements 
of the amount of O" in the inorganic phosphate were made by procedures 
which allowed use of samples of 50 to 100 ymoles of phosphate without 
further dilution (17); the estimated maximal error of the results given in 
Table IL is about 5 per cent. 
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Results 


Azide and Inorganic Phosphate Requirement of Glycolysis—The sugges- 
tion that azide may cause formation of P; from | ,3-diphosphoglycerate in 
the presence of the enzyme 3-phosphoglycerate kinase (3), or formation 
of P| accompanying any of the reactions of glycolysis, may be conveniently 
checked by measurement of the dependence of glycolysis upon P; in the 
presence of high concentrations of azide. In yeast extracts deficient in 
phosphatase activity, which metabolize glucose in accordance with the 
well known Harden-Young equation, 2 glucose + 2 phosphate — 2CO, 
+ hexose diphosphate + 2C.H;,OH + 2H.O, the fermentation rate de- 
creases as the supply of phosphate is exhausted, even though excess glu- 
cose remains (18, 19). Any agent that would dissociate glycolysis from 
P; uptake or hasten the liberation of P; from organic combination would 
permit prolonged and enhanced COs production from systems, deficient in 
P; or in phosphate acceptors. 

The results given in Fig. 1 clearly demonstrate the inability of azide to 
reduce the P; requirement for glucose fermentation by a suitable yeast 
extract preparation. Even in the presence of 0.025 m azide the rate of CO. 
production fell off as the P; supply was exhausted and was stimulated by 
addition of excess P; in a manner entirely comparable to that found in the 
absence of azide. The results reported in Fig. | were obtained with air 
as a gas phase; entirely similar results were obtained with 95 per cent 
N.-5 per cent CO» as the gas phase. 

Azide and Phosphate Acceptor Requirement for Glycolysis—A further test 
of the possibility that azide may accelerate the liberation of P; from 
phosphorylated intermediates and the possibility that azide might act as a 
phosphate acceptor in reactions accompanying glycolysis was made with 
a reaction system similar to that used for the experiments reported in Fig. 
1, except that fructose-1 ,6-diphosphate was used as a substrate in the 
presence of excess P;. Under these conditions the rate of COs production 
is limited by the action of phosphatases to give phosphate acceptors (19). 
The data presented in Fig. 2 show that the low rate of COs production 
was actually slightly decreased by the presence of azide. The dependence 
of the rate of COs production upon a phosphate acceptor is shown by the 
marked acceleration of the rate following addition of glucose. Excess 
fructose-1 ,6-diphosphate was already present; thus the contribution of 
glucose was other than as a source of metabolites for COs production. 

of Acide on Enzymic Hydrolysis of ATP and Other Phosphates Vhe 
rate of hydrolysis of ATP by washed liver mitochondria is greatly acceler- 
ated by 2.4-dinitrophenol (8, 20-22). Preliminary experiments showed 
that azide over a range of concentrations did not cause a hydrolysis of 
ATP comparable to that produced by 2,4-dinitrophenol but that 3° to 
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6 X 10-4 m azide did increase ATP hydrolysis by liver mitochondria. 
This suggested that the higher concentrations of azide might be inhibitory 
to the reactions causing formation of P; from ATP; subsequent experi- 
ments showed that 5 & 10°-* mM azide blocked the action of 2,4-dinitro- 
phenol. Representative results showing the effects of azide are given in 


| | | | | | 
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Fic. 1. Inability of azide to reduce the inorganic phosphate requirement for glu- 
cose fermentation by veast extract. To the main compartment of each Warburg 
flask were added 200 ymoles of glucose, 1 umole of ATP, 0.8 umole of diphosphopyri- 
dine nucleotide, 1 umole of MgSO,, 10 wmoles of potassium phosphate, 25 mg. of an 
acetone powder of veast extract, and azide as indicated in a total volume of 1.0 ml. 
at pH 6.5. Following addition of the acetone powder the flasks were incubated for 
15 minutes at 30°, and the stop-cocks were closed as indicated by the lowest arrows. 
At the times indicated, 16.5 umoles of potassium phosphate, pH 6.5, in 0.2 ml. were 
added from the side arm. The gas phase was air. 


Table I. These data show the marked acceleration of ATP hydrolysis by 
3 10°-° m 2,4-dinitrophenol, the smaller acceleration by 5 10-4 M 
azide, and the small or negligible effect of 5 &K 10-* mM azide. In addition 
the data show that 5 &K 10-4 mM azide partially blocked and 5 & 10°° 
azide nearly completely blocked the increase in ATP hydrolysis in the 
presence of dinitrophenol. 

Early in the studies of the action of azide, the possibility that azide 
might accelerate the action of phosphatases was investigated by measure- 
ment of the rate of hydrolysis of various organic phosphates by intestinal 
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phosphatase. The experiments showed no acceleration of the hydrolysis 
rate and will not be reported in detail here. Under the conditions used, 
0.05 m azide at pH 9.3 had no effect on the rate of hydrolysis of 0.0012 
mu ATP by intestinal phosphatase and inhibited the hydrolysis of 0.00125 
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Fig. 2. Inability of azide to reduce the phosphate acceptor requirement for hexose 
diphosphate fermentation by yeast extract. To the main compartment of each 
Warburg flask were added 50 umoles of fructose-1,6-diphosphate, 1 umole of ATP, 
lyumole of MgSO,, 0.5 umole of diphosphopyridine nucleotide, 10 wmoles of potas- 
sium phosphate, and azide as indicated in a total volume of 1.7 ml. at pH 6.5, except 
for one flask which had a total volume of 1.5 ml. in the main compartment and 0.2 
ml. of glucose solution in the center well. Following 15 minutes equilibration at 
30°, 0.3 ml. of a suspension containing 25 mg. of an acetone powder of yeast extract 
was added from the side arm and measurement of CO, output commenced 5 minutes 
later; 55 minutes later glucose was added to one flask from the center well. The gas 
phase was 95 per cent No-5 per cent COs. 


M fructose-1 ,6-diphosphate by 21 per cent and the hydrolysis of 0.012 
M 8-glycerophosphate by 42 per cent. 

Inhibition of P® and O” Exchange Reactions by Azide—Experiments 
reported elsewhere have demonstrated that washed liver mitochondria, 
in the absence of oxygen uptake, catalyze a rapid exchange of P; with 
ATP and of the oxygens of P; with water (23). The oxygen exchange 
reaction has been attributed principally to the reversibility of the primary 
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TABLE 


Effect of Azide and 2,4-Dinitrophenol on Phosphate Cleavage from ATP 
by Liver Mitochondria 


To 0.6 ml. of a solution at pH 7.4 containing 6.5 wymoles of potassium ATP, 7.5 
umoles of MgSO,, 75 wmoles of KC], and 1 wmole of potassium phosphate were added 
0.2 ml. of washed liver mitochondria in 0.25 mM sucrose, 10-4 m ethylenediaminetetra- 
acetate, and 0.005 m 6-glycerophosphate, pH 7.2. The mixture was incubated at 
28° for 7 minutes, then water, azide, or dinitrophenol solution was added as indi- 
cated to give a final volume of 1.0 ml. After an additional 15 minute incubation, 
1.0 ml. of cold 10 per cent trichloroacetic acid was added, and P; was determined on 
an aliquot of the supernatant liquid. The values for Pj are averages of duplicate 
analyses; variation of duplicates was less than 2 per cent. 


Min. after adding Pj formation 
azide or Azide 2,4-Dinitrophenol Pj present caused by azide 
dinitrophenol | oF dinitrophenol 
M M pmoles pmoles 
0 0 0 1.48 
15 0) 0 2.18 | 
15 5 X 10-4 0 2.80 0.62 
15 5 xX 10°3 0 2.26 | 0.08 
15 0 3X 10-5 6.06 | 3.88 
15 5 xX 104 3 xX 4.24 | 2.06 
15 5 X 10°4 3 xX 1075 2.20 | 0.02 
TaBLe II 


Effect of Azide on P*? and O'8 Exchange Reactions Catalyzed by Mitochondria 


The reaction tubes contained in 3 ml. of total volume, pH 7.4, 19 wmoles of potas- 
sium ATP, 22 umoles of MgSO,, 150 wmoles of KCl, 0.6 ml. of washed liver mito- 
chondria in 0.25 M sucrose containing 10-4 m ethylenediaminetetraacetate, and 45 
umoles of potassium phosphate labeled with O'* and P*. The potassium phosphate 
was added after a preliminary incubation period of 7 minutes, the samples were in- 
cubated for an additional 15 minutes at 25°, and then 1 ml. of 30 per cent trichloro- 
acetic acid was added. P*? present in the ATP and O'8 in inorganic phosphate were 
determined on appropriate aliquots. 
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reaction or reactions by which energy derived from electron transport is 
coupled to uptake of Pj. Interference of azide in oxidative phosphoryla- 
tion would be expected to decrease the P;®-ATP exchange reaction. If 
azide blocked the initial reaction (or reactions) of P; uptake, then the 
phosphate oxygen exchange should likewise be inhibited. 

Two preliminary experiments showed that 0.005 m azide inhibited mark- 
edly both the exchange of P;* with ATP and the exchange of phosphate 
oxygens catalyzed by liver mitochondria. The experiments reported in 
Table II show the effect of graded levels of azide on the exchange reaction 
of P; with the phosphate groups of ATP, and the effect of 0.005 m azide 
on the exchange of phosphate oxygens in the absence and in the presence 
of azide. For these experiments P; labeled with P® and O' was incubated 
with ATP and washed liver mitochondria under the conditions given in 
Table I]. The results show an increasing inhibition of the P;-ATP ex- 
change with increase in azide concentration. The sample incubated in 
the absence of azide showed the expected marked exchange of Pj-oxygen; 
the decrease in O"8 content was equivalent to an exchange of 67 microatoms 
of phosphate oxygen. The P; oxygen exchange, as well as the P;-ATP 
exchange, was nearly completely inhibited by 5 &K 10-* Mm azide. It is of 
interest that the P;”-ATP exchange reaction is still considerable in the 
presence of a concentration of azide (5 & 10-4 m) which caused accelera- 
tion of ATP hydrolysis. 


DISCUSSION 


Interpretation of the effects of azide on the P;*-ATP and the P;-O" 
exchanges requires an understanding of the reactions involved. These 
exchange reactions occur without net oxygen uptake and in the absence of 
added substrates. Evidence, but not conclusive proof, has been obtained 
that the exchanges result from a reversal of the reactions by which P; 
uptake is coupled to electron transport, the O'8 exchange resulting largely 
from reversal of the reaction or reactions by which P; is incorporated into 
an intermediate and the P® exchange from reversal of the over-all reactions 
by which P; is incorporated into ATP (23). If these premises are correct, 
interference of azide with the P;*-ATP exchange reaction would be an 
expected result in view of the known uncoupling of oxidative phosphoryla- 
tion by azide (6-8). Measurement of the P;-ATP exchange would thus 
give an evaluation of the effect of azide on oxidative phosphorylation 
independent of its known inhibition of cytochrome oxidase. Further, if 
the proposed mechanism of the O exchange is valid, the ability of azide 
to inhibit this O exchange means that azide can prevent the initial up- 
take of P; coupled with electron transport. This would occur if, in the 
presence of azide, electron transport continued without participation of 
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P; in the reaction. A similar suggestion has been made for the action of 
dinitrophenol (23). The need for P; when glutamate is oxidized by kidney 
homogenates in the presence of azide (6) may result from the requirement 
of P; for the phosphorylation accompanying a-ketoglutarate oxidation at 
the substrate level; this interpretation is supported by the observations of 
Judah (7). The hypothesis that the uncoupling agents prevent the initial 
uptake of P; is in contrast to the possibility that they cause release of P; 
from a phosphate-containing intermediate. ! 

The demonstration that azide at appropriate concentrations can ac- 
celerate the cleavage of P; from ATP by liver mitochondria is of importance 
in the understanding of the biological effects of azide. The depletion of 
cellular ATP by azide offers a logical explanation for the observations of 
various workers showing an increased rate of fermentation and utilization 
of carbohydrate reserves in the presence of azide (2, 10, 24, 25). Increased 
substrate utilization in the presence of appropriate concentrations of azide 
would be anticipated in any system in which the rate of substrate utiliza- 
tion was dependent upon the availability of phosphate acceptors or Pj. 

The acceleration of the rate of formation of P; from ATP by azide fol- 
lows logically from the premise that under appropriate conditions P; and 
ATP are in dynamic equilibrium through reversal of the reactions by 
which ATP formation is coupled to electron transport. For such a dy- 
namic equilibrium to exist, energy derived from the formation of P; must 
be preserved in some manner (for example, by reduction of an electron 
carrier or formation of an energy-rich intermediate not containing the Pj) 
in order for the P; to be reincorporated into the ATP. In the presence of 
azide, P; formed from ATP would not be taken up again because the azide 
allows the oxidation to occur without P; uptake or in some other manner 
causes dissipation of the energy derived from the ATP cleavage. Similar 
considerations apply to the action of 2,4-dinitrophenol. The net break- 
down of ATP would thus not result primarily from an increased rate of 
formation of P; but from prevention of the reincorporation of the P; 
formed into ATP. 

On the basis of present evidence, the hypothesis that azide in intact 
cells interferes with phosphorylation accompanying glycolysis is unwar- 
ranted. The results given in this paper showing the strict dependence of 
anaerobic glycolysis by yeast extract on adequate concentrations of in- 
organic phosphate and phosphate acceptors in the presence of high azide 
concentrations demonstrate conclusively that azide does not interfere with 
phosphate esterification or transfer reactions by such extracts. Spiegel- 

! Recent data have shown that the P\;-ATP exchange is more sensitive to the in- 


hibitory effects of 2,4-dinitrophenol and of azide than is the P; oxvgen exchange. 
Details of these experiments and their significance will be presented later. 
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man ef al. mention that 5 & 10°* m azide did not inhibit phosphate esterifi- 
cation with a yeast extract preparation (3). None the less, these authors 
suggested that in intact veast ‘‘azide uncouples anaerobic oxidation from 
synthesis by means of a replacement reaction between azide and the acyl 
phosphate of diphosphoglycerate while the latter is combined with phos- 
phoferase.”” They regarded it likely that excessive amounts of dissolved 
protein in their cell-free preparations bound azide and thus prevented its 
inhibitory effect. Binding of azide by proteins is highly untenable as an 
explanation for the lack of effect of the high concentrations of azide used 
in the experiments reported herein. If the yeast acetone powder used 
were all protein with an average molecular weight of 100,000, each protein 
molecule would need to inactivate nearly 100 azide molecules in the ex- 
periment reported in Fig. 2 in which 0.025 m azide was used. Further, 
the ability of much lower azide concentrations, e.g. 5 & 10-4 M, to dissociate 
respiration from phosphorylation in intact cells and in liver mitochondria 
shows that low concentrations of azide may be effective in the presence of 
considerable protein. Postulation of a greater sensitivity to azide of gly- 
colytic enzymes in the intact cell than in cell-free extracts is without ex- 
perimental justification. 

Observations cited in support of the contention that azide dissociates 
anaerobic glycolysis from phosphate uptake (3) are all indirect and may 
have their explanation in other effects of azide. The depletion of the 
ATP reservoirs of the intact yeast in the presence of azide would offer a 
possible explanation for many of the observed effects. In many respects 
the effect of azide on intact cells is similar to that of 2,4-dinitrophenol; 
unpublished results from this laboratory and data of other workers (7, 22) 
have demonstrated that phosphate uptake and transfer reactions associ- 
ated with glycolysis are not affected by 2 ,4-dinitrophenol. 

The actions of azide and of 2,4-dinitrophenol on oxidative phosphoryla- 
tion are, however, not entirely analogous. The blocking by azide of the 
acceleration of P; formation from ATP in the presence of 2 ,4-dinitrophenol 
(Table I) shows clearly that azide has an inhibitory effect not shared by 
2,4-dinitrophenol. The rate of ATP breakdown is not decreased by in- 
crease in the 2,4-dinitrophenol concentration above that required for a 
nearly maximal effect (20). The secondary effect of azide is probably re- 
sponsible for the observation that acceleration of the rate of P; formation 
from ATP, although appreciable at 5 & 10-4 M azide, was small at 5 & 10-3 
mM. Azide will block oxygen uptake (26) and its properties responsible for 
this blocking may be related to the inhibitory effect on ATP breakdown. 
In addition, Meyerhof has demonstrated inhibition of an ‘“ATPase’’ of 
yeast by azide (19), and, as shown herein, azide will inhibit intestinal 
phosphatase. Thus, although azide and 2,4-dinitrophenol both have the 
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ability to uncouple phosphorylation from electron transport, their effects 
on intact cells may differ; such differences have been reported (4, 27). 


The technical assistance of Mrs. Madelyn Ferrigan and Mr. A. Lajeune 
is gratefully acknowledged. 


SUMMARY 


Azide at concentrations as high as 0.025 m is without effect on the re- 
quirement for phosphate acceptors or inorganic phosphate for glycolysis by 
a yeast extract. From these results and other considerations the conclu- 
sion is reached that present evidence does not warrant postulates that 
azide interferes with phosphorylations associated with glycolysis in ex- 
tracts or intact cells. 

The reversible exchange of P® of inorganic phosphate with ATP cata- 
lyzed by washed liver mitochondria, as well as the more rapid exchange of 
phosphate oxygen as measured with O"*, was inhibited by 5 K 10-3 mM azide. 
If, as has been suggested, these exchange reactions result primarily from 
a dynamic reversal of oxidative phosphorylation, then azide prevented 
the initial uptake of inorganic phosphate coupled with electron transport. 

Azide caused an appreciable increase in the rate of net formation of 
inorganic phosphate from ATP by liver mitochondria which was maximal 
at about 5 & 10-4 M azide but small at 5 K 10-*M azide. The much more 
marked acceleration of inorganic phosphate accumulation in the presence 
of 3 10°° m 2,4-dinitrophenol was partially blocked by 5 10-4 
azide and nearly completely blocked by 5 &K 10-3 M azide. The accumula- 
tion of inorganic phosphate may result from a reversal of the phosphate 
incorporation into the ATP coupled with electron transport and preven- 
tion of the uptake of the inorganic phosphate formed. Azide is regarded 
as having a secondary inhibitory effect, not shown by 2,4-dinitrophenol, 
on the reactions involved. 
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THE HORMONAL CONTROL OF TRYPTOPHAN 
PEROXIDASE IN THE RAT* 


By W. EUGENE KNOX anv V. H. AUERBACHT 


(From the Cancer Research Institute, New England Deaconess Hospital, and 
the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, September 24, 1954) 


Adrenalectomized rats developed an increased activity of the liver tryp- 
tophan peroxidase-oxidase system (TPO) 5 to 7 hours after the intraperi- 
toneal injection of tryptophan, but not after the administration of com- 
pounds which were not substrates of the enzyme (1). This change in 
TPO activity was analogous to the substrate-induced enzyme adaptations 
frequently encountered in microorganisms (2). In intact rats the TPO 
activity was increased by the administration of other compounds such as 
histidine, epinephrine, and histamine, as well as tryptophan. These non- 
substrate compounds appeared to act in a second way which was distin- 
guished from the substrate-induced adaptation by the production of gen- 
erally smaller increases in TPO activity and by their action only in the 
presence of adrenal glands. 

It was considered that all of the effective non-substrate compounds 
could cause directly or indirectly an increased secretion by the adrenal 
cortex. The present study of the effect of histidine identified its mode of 
increasing the TPO activity as a hormone-induced adaptation, which could 
be duplicated by the administration of cortisone. Recent studies in this 
and other laboratories (3-6) have also indicated that the glucosteroids and 
certain other hormones can influence the TPO activity of the liver. 


EXPERIMENTAL 


Male and female Wistar rats weighing between 140 and 150 gm. were 
used. The tryptophan peroxidase level was assayed in duplicate in the 
individual livers of the rats in all groups. The test compounds were ad- 
ministered by intraperitoneal injection. The treated animals were killed 
for assay 5 hours after the last injection, when near maximal increases in 
the tryptophan peroxidase level were expected (7). The adrenalectomies 
were performed under ether anesthesia, usually 4 days before the rats were 


* This work was supported by grant No. A-567 from the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health Service, and con- 
tract No. AT(30-1)-901 of the United States Atomie Energy Commission with the 
New England Deaconess Hospital. 

t Fellow of the Arthritis and Rheumatism Foundation. 
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used. The animals were given 1 per cent NaCl as drinking water unless fo 
they received cortisone. fo 

Tryptophan Peroxidase Assay—The activity of the tryptophan peroxi- m 
dase was measured by the spectrophotometric determination of the amount er 
of kynurenine formed during the aerobic incubation of liver homogenate us 
with L-tryptophan. The method was similar to the methods used earlier izt 
(1, 3, 7); these have not previously been described in detail. al 


Preparation of Homogenate—To avoid any loss of activity, the assay of th 
the liver homogenates was started within 30 minutes after the death of the nu 


rats. The livers were promptly removed from the decapitated animals, th 
chilled in ice water, and weighed to 0.1 gm. They were homogenized in a de 
Waring blendor for 2 minutes at 2° with 7 volumes of cold 0.14 Mm KCl ph 
containing 0.0025 x NaOH. The homogenate was allowed to stand briefly | 
at 2° before use. sys 

Reactions—The homogenate from each animal was tested in two concen- exc 
trations, with corresponding blanks containing no tryptophan. The 20 ml. thi 


reaction beakers contained 1 ml. of 0.2 Mm phosphate buffer, pH 7.0, 1 or 2 ky 
ml. of homogenate, 0.3 ml. of 0.03 mM L-tryptophan (replaced by water in cor 


the blanks), and water to a total volume of 4.0 ml. The homogenate was ’ 
added last, after preliminary temperature equilibration of the other com- con 
ponents. The reactions were run in a Dubnoff shaker at 38° in an atmos- enz 
phere of Os. 1 hour after addition of the homogenate, the reaction was enz 
stopped with 2.0 ml. of 15 per cent metaphosphoric acid. The reaction act 
mixtures then were filtered. nal 

The dry weight, less the added KCI, was determined from duplicate 2 met 


ml. samples of each homogenate dried for 2 or 4 hours at 110°. 
Determination of Kynurenine—3 ml. of each reaction filtrate were ad- 


justed to pH 6.5 to 7.5 by the addition of 1.0 ml. of NaOH of an appro- ‘I 
priate concentration, about 1.1 N, with the usual sample of metaphosphoric grey 
acid. The neutral solution was placed in a 1 em. cell and read against —— gro 
water at 365 mu in a Beckman spectrophotometer. The amount of ky- | abo 
nurenine formed was calculated from the optical density of the experimental to il 
filtrate minus its blank, by the use of the molar extinction coefficient of  toge 
kynurenine under these conditions (« = 4540 (1 mole per liter, 1 em. | alon 


depth)). The activity of the homogenate was expressed as the number of | ¢ort 
umoles of kynurenine formed per gm. of dry weight per hour. The values maij 


determined from the two concentrations of each homogenate were aver- ing 
aged, anin 

Validity of Method—Several types of evidence showed that the amount Jy 
of kynurenine accumulated under these conditions and measured as de- and 


scribed above adequately indicated the amount of tryptophan oxidized in | two 
the tryptophan peroxidase reaction. The immediate oxidation product, | anin 
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formylkynurenine, did not accumulate because a large excess of kynurenine 
formamidase was always present in the crude liver preparation (7). The 
method of deproteinization with metaphosphoric acid gave superior recov- 
eries of kynurenine, as compared with the zine acetate-NaOH method 
used previously. The absence of any kynurenine losses during deprotein- 
ization was demonstrated by the complete recovery (100 + 2 per cent) of 
a range of amounts between 0.2 and 2.3 uwmoles of pL-kynurenine added to 
the reaction mixture. No products of tryptophan oxidation besides ky- 
nurenine could be found by the following methods: determination of an- 
thranilic acid by ether extraction and diazotization (8); spectrophotometric 
determination of anthranilic and kynurenic acids (8); paper chromatogra- 
phy of the reaction filtrates by Dalgliesh’s method (9). 

As a final check of the completeness of kynurenine accumulation in the 
system, kynurenine was trapped as it was formed by the addition of an 
excess of purified kynureninase from Pseudomonas fluorescens (10). An- 
thranilic acid was then formed quantitatively, in the same amounts as the 
kynurenine which accumulated in the control reactions under the usual 
conditions of the assay. 

The reliability of the kynurenine measurements and the use of optimal 
conditions for the enzyme reaction lent validity to the observed changes in 
enzyme activity. Since under the assay conditions the activity of the 
enzyme was proportional to its concentration, it seemed probable that the 
activity changes resulted from changes in the enzyme concentration. — Fi- 
nal proof of this point will require determination of the enzyme by a 
method which does not involve activity measurements. 


Results 


The levels of tryptophan peroxidase activity found in the different 
groups of animals and the significance of the differences between the 
groups are summarized in Fig. 1. Both histidine and cortisone caused 
about the same degree of enzyme increase when either was administered 
to intact animals 5 hours before death. When both compounds were given 
together, there was no further increase over the level caused by histidine 
alone. Adrenalectomy abolished the effect of histidine, but not that of 
cortisone. A further indication of the réle of the adrenal glands in the 
maintenance of the tryptophan peroxidase level was the significant lower- 
ing of the enzyme in the adrenalectomized as compared with the intact 
animals. <A similar observation was made earlier (1). 

In the intact animals there was no summation of the effects of cortisone 
and histidine, although in the adrenalectomized animals the effect of the 
two substances was greater than that of cortisone alone. In the intact 
animals the effect of histidine alone or of histidine plus cortisone was also 


t 

e 

of 
1e 

y | 
- 
in 
is 

as 
2 
0- 
ic 
st 
y- 
al 
of | 
m. 
of 
les 
int 
le- 
in | 
ct, 


310 HORMONE AND TRYPTOPHAN PEROXIDASE 


somewhat greater than that of cortisone alone. It would appear that a 
part of the effect of histidine on the enzyme level was not referable to cor- 


tisone, although it was manifested only in the presence of cortisone. 
|NUMBER ACTIVITY OF ENZYMES + S.E.M, 
TREATMENT OF ANIMALS of (y Moles Kynurenine formed per 
ANIMALS Grom Ory Weight Liver per Hour) 
2 4 6 6 10 12 14 16 18 20 
INTACT RATS, NO TREATMENT 9 5.72 0.34 
cortisone?’ 9 14.3% 1.21 
+ 8 19.6 1.33 
+ CORTISONE +) 3 18.3 
" + actu (9) 9 8.3 + O85 
ADRENALECTOMIZED Rats 6 4.6 
cortisone'!? 6 127+ 1.3) 


Fig. 1. Activity of tryptophan peroxidase in groups of rats. Adrenalectomized 
rats were assayed on the 4th post-operative day unless otherwise stated; all animals 
were assayed 5 hours after the last treatment. The differences in treatment within 
a group had no apparent effect on the enzyme activity; those between the untreated 
and treated groups of both the intact and the adrenalectomized animals were all sig- 
nificant (P = or < 0.01), except for the adrenalectomized rats given histidine (P = 
0.1); also significant were differences between the untreated intact and adrenalecto- 
mized rats (P = 0.02), between the intact rats treated with cortisone and those 
treated with histidine (P < 0.01), and between the adrenalectomized rats treated 
with cortisone and those treated with cortisone plus histidine (P < 0.01). (a) Single 
daily intraperitoneal injection of 1.25 mg. of cortisone (Cortone acetate, Merck) in 
0.5 ml. of saline for 1, 2, and 3 days each to one-third of the group; (b) single dose 
of 310 mg. of L-histidine- HC1]-H.O intraperitoneally in a final volume of 5 ml., ad- 
justed to pH 7 with NaOH; (c) histidine on 3rd day of cortisone treatment (a); (d) 
10 units per day for 5 days, a single injection of 10 units, and a single injection of 2 
units of ‘‘National’’ ACTH solution intraperitoneally to subgroups of three rats; 
another group received a single subcutaneous injection of 2 units of ACTH (Acthar, 
Armour) in 16 per cent gelatin (not included); (e) 1 per cent NaCl as drinking water; 
(f) one rat treated as in (a) for 5 days, three rats for 2 days, and two rats for 4 days; 
(g) same as (b); (h) histidine (b) to four rats on 4th day, and to two rats on 5th day 
of cortisone treatment (a). 
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Corticotropin (ACTH), administered either in isotonic saline solution or 
as a suspension in gelatin, increased the enzyme level significantly but 
not to the same absolute level as did cortisone. Quantitative differences in 
the effects of these compounds have been noted before (11). Corticoster- 
one, Which is the usual glucosteroid elaborated by the adrenals of some 
rats (12), was also tested in three animals in the same concentration as 
Was cortisone, and was found to be somewhat less active than cortisone. 
In the absence of time and dosage studies for both compounds, no compar- 
ison of their relative effectiveness can be made. 

Other experiments showed that various stress stimulations of the hypo- 
physeal-adrenal axis also increased the tryptophan peroxidase. For ex- 
ample, the injection of 5 ml. of solutions of alanine and of NaCl which were 
twice isotonic in concentration increased the enzyme levels to 12.2 and 9.8 
umoles per gm. per hour, respectively, in groups of three rats. Injection 
of isotonic NaCl solutions had no effect on the enzyme level. * 

The addition in vitro of cortisone or histidine did not alter the activity 
of the homogenates. 


DISCUSSION 


The major effect of histidine on the TPO level can apparently be attrib- 
uted to the eventual release of adrenal hormones in the histidine-treated 
animals. Thus, both histidine and cortisone caused mereases of a similar 
magnitude within the same time; their effects did not summate, and the 
effect. of histidine was abolished in the adrenalectomized animals while 
that of cortisone persisted. The treatments which have resulted in’ in- 
creased TPO activity can therefore be separated into the administration 
of the substrate, causing substrate-induced adaptation, and a variety of 
treatments causing hormone-induced adaptation. The latter included the 
administration of the adrenal hormones, cortisone, hydrocortisone (6), and 
ACTH (4), and treatment with histidine or injections of hypertonic solu- 
tions, which caused the release of these hormones. Epinephrine and his- 
tamine administration (1) and x-irradiation or administration of a variety 
of stressing drugs (6) also have caused an increased TPO activity only in 
the presence of the adrenal glands. These agents presumably also acted 
by causing a release of adrenal cortical hormones. Stress, epinephrine, 
and histamine do cause ACTH release from the pituitary (13, 14). Part 
of the x-ray effect persisted after hypophysectomy (6), and this part may 
have resulted from a direct stimulation of the adrenals. Still other ways 
of altering the TPO level which do not involve either the substrate- or the 
adrenal hormone-induced mechanisms were suggested by that part of the 
histidine effeet which was greater than the effect of cortisone, and by the 
action of growth hormone and other endocrines on the enzyme level (3, 5). 
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The hormone-induced adaptation of TPO studied here can at present 
be distinguished from the substrate-induced adaptation only by the way 
in which it is produced, although the two effects do differ in magnitude 
(1, 6). The increased activity in each instance appeared to be caused by 
an increase in the enzyme concentration. This was the only known limit- 
ing factor in the assays of the activity. The synthesis of new enzyme dur- 
ing the substrate-induced adaptation was supported by Lee and Williams’ 
demonstration that the increase of TPO activity in animals given trypto- 
phan was prevented by ethionine, and that this inhibition was overcome 
by large doses of methionine (15). The synthesis of new enzyme during 
the hormone-induced adaptation was also indicated, though less surely, by 
the lack of any effect in vitro of cortisone or histidine on the enzyme, and 
by the development of the increase in vivo with an effective compound dur- 
ing a few hours after its administration instead of immediately (7). It 
is possible that the enzyme is increased by the tryptophan-induced mech- 
anism after the administration of cortisone, since cortisone increases pro- 
tein breakdown and raises the level of free amino acids in the body (16-19). 
On the other hand, the effect of hypophysectomy, which accentuated the 
response of the enzyme level to hydrocortisone (6) but depressed its 
response to tryptophan (4, 6), appeared to indicate that different mech- 
anisms existed for the production of the hormone- and the substrate- 
induced adaptations of TPO. It will be important to recognize that 
metabolic adaptations in animals can be produced in at least these two 
ways, regardless of the similarity or difference in the basic mechanisms 
responsible for the changes in enzyme levels. 


SUMMARY 


1. The tryptophan peroxidase activity of rat liver is lowered by adrenal- 
ectomy, and is increased in both normal and adrenalectomized animals by 
cortisone treatment. 

2. The increase in the level of the tryptophan peroxidase activity caused 
by treatment with histidine and certain pharmacologically active amines 
can be attributed largely to the cortisone or related adrenal hormone 
eventually released from the animal's adrenals, either directly or following 
ACTH release. 

3. The two ways of altering the level of this enzyme, by treatment with 
cortisone and certain other hormones and by administration of trypto- 
phan, are distinguished as hormone-induced and substrate-induced enzyme 
adaptations, respectively. 
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STUDIES OF THE NEW HAMPSHIRE CHICKEN EMBRYO 
V. LIPIDES OF WHOLE PLASMA AND OF PLASMA LIPOPROTEINS* 


By OLE ARNE SCHJEIDE 


(From the Atomic Energy Project, School of Medicine, University of California 
al Los Angeles, Los Angeles, California) 


(Received for publication, September 27, 1954) 


Earlier work in this laboratory (1) has shown that low and medium 
density lipoproteins (8S; > 50, 8; 0 to 50) predominate in the circulation of 
the chicken embryo of 10 to 18 days incubation. However, between 18 
and 21 days a sudden large increase in higher density lipoproteins (1 to 
3.8) takes place. These dense lipoproteins persist in comparable concen- 
tration in stages up to and including the adults of both sexes. Analyses 
for total nitrogen and total lipide reveal various changes in the internal 
composition of all three lipoprotein groups in the course of normal develop- 
ment, as well as when such abnormal experimental conditions as fasting 
and x-irradiation are superimposed. 

The present step in the development of this study is a more detailed anal- 
ysis of the lipides of whole plasma and of these lipoproteins. Amounts of 
sterol ester, triglyceride, unesterified sterol, and phospholipide have been de- 
termined for several embryonic stages, the 6 week chick, and the laying hen. 


Materials and Methods 


Plasma was from New Hampshire chickens. For each experiment with 
embryos blood was pooled from at least twenty-four birds. The plasma 
of each laying hen was analyzed separately. 

Three density groups of lipoproteins were analyzed for lipides. To 
obtain the lightest lipoproteins (Lipoprotein Ia) the unadulterated plasma 
Was placed in a partition cell (2) which consists essentially of four plastic 
anular disks sealed together with a rubber base stop-cock grease. After 
centrifugation at 80,000 * g for 16 hours, the top quarter contained only 
those lipoproteins which floated at a medium density of 1.00. The frac- 
tion was isolated by slipping this section off the column. ‘To obtain the 
medium density group of lipoproteins (Lipoprotein Ib) the density of the 
plasma in the remaining three-quarters of the partition cells was increased 
to 1.07 by addition of solid KBr (pil 7.7), and the plasma was transferred 
toa new partition cell. Reeentrifugation for 16 hours floated Lipoprotein 


* This article is based on work performed under contraet No. AT O4-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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Ib into the top quarter of the partition cell. The densest lipoproteins 
(Lipoprotein II) were obtained by increasing the density of the residual 
plasma to 1.21 (pH 7.7) and centrifuging at 80,000 x g for 16 hours. 

Total lipide of these fractions and of whole plasma was obtained by an 
extraction procedure described by Delsal (3). 15 volumes of a 1:4 solu- 
tion of methanol in methylal were added to plasma. After evaporation 
of the filtrate under nitrogen at room temperature, the residue was ex- 
tracted with three portions of petroleum ether (b.p. 60-70°). This pro- 
cedure was compared to those of Bloor (4) and MacFarlane (5) and was 
found in each instance to give a larger ‘‘total lipide’’ yield. Multiple 
reextractions of the protein residue after extraction by the method of 
Delsal produced no further lipide nor did reextraction with hot ethyl 
alcohol yield additional material. Tests for total phosphorus (6, 7) indi- 
cated that practically all the phospholipide had been removed from the 
protein. Spectrophotometric analyses of the extracted lipide revealed neg- 
ligible oxidation of the fatty acids. 

Separation of the total lipide into constituent classes was achieved by 
use of the silicic acid chromatographic technique of Fillerup and Mead 
(8). The sterol ester fraction was eluted from the silicic acid by a solvent 
consisting of 1 per cent diethyl ether in petroleum ether (b.p. 60-70%). 
The triglyceride was obtained by eluting with 4 per cent ether in petroleum 
ether. Unesterified sterol was eluted with 10 per cent ether in petroleum 
ether, and absolute methanol served to elute the phospholipide fraction. 
Since various contaminants accompanied the crude phospholipide fraction 
thus obtained, the residue remaining after evaporation of the methanol 
was reextracted with petroleum ether. Even so, this fraction was consid- 
ered to be only approximate, since certain lipide-soluble substances may 
also have been present. 

After separation, the various lipide fractions were quantitatively trans- 
ferred to 1 ml. beakers. This was accomplished by evaporating from two 
100 ml. beakers the eluting solvents at room temperature, washing the 
lipide residue with eight 2 ml. aliquots of petroleum ether to the bottom 
of a single beaker, evaporating again, and transferring the concentrated 
lipide to a 1 ml. beaker with five or six 0.5 ml. aliquots of petroleum ether, 
each aliquot being evaporated before addition of the next. After the 
lipide was dried under nitrogen and weighed to the nearest 0.1 mg., the 
value obtained was converted to mg. per ml. of whole plasma.' 

Several verifying tests were applied to the fractions. The sterol ester 


! When duplicate separations were made of the same sample, the lipide weights 
agreed within 5 per cent except for the sterol fraction, in which differences as high as 
25 per cent were obtained because of the difficulty in transferring and weighing small 
amounts (1 to 2 mg.) of material. 


MG PER ML 


\ 

6 

| 4 

2 
for 
te 
t he 
tw 
ch 
fat 
tw 
an 
ph 
As 
wa 
sig 

| 


1s 


MG PER ML 


O. A. SCHJEIDE 317 


fraction was crystalline. Liebermann-Burchard reactions were run on it, 
colorimetric comparisons being made with a cholesterol oleate standard. 
Within experimental error the fraction consisted entirely of sterol ester. 
No phosphorus was detectable (6, 7), nor was free fatty acid present as 
indicated by titration with NaOll. 

The triglyceride fraction was a colorless to pale vellow oil. Sterol was 
absent, as shown by the Liebermann-Burchard test. No free fatty acids 
were present. 


Fig. 1. Lipides of whole plasma. &, phospholipide; 0, triglyceride; @, sterol; 
O, sterol ester. Vertical lines through the points indicate the range. Each point 
represents the mean value of two to four experiments. For each analysis, except 
for the laying hens, plasma was pooled from at least twelve birds. Individual de- 
terminations were made on three hens. 

Fig. 2. Lipides of Lipoprotein Ia. Symbols as for Fig. 1. Each point represents 
the mean value of three or four experiments. Plasma was pooled from at least 
twenty-four embryos for each analysis. 


The sterol fraction was crystalline. Liebermann-Burchard analyses with 
cholesterol standards indicated that it was nearly pure sterol. No free 
fatty acids were present. 

The phospholipide fraction was waxy in appearance. The results of 
twelve analyses for total phosphorus in samples from different lipoproteins 
and at different stages indicated that the material was 85 to 95 per cent 
phospholipide. No sterols or free fatty acids were present in the fraction. 
A small amount of carotinoid was present. 


Results 


The amounts of the various lipide constituents in whole plasma varied 
considerably with the embryonic stage (Fig. 1). Although phospholipide 
Was present at a relatively high level throughout development, it decreased 
significantly from the 10th to 18th day of incubation and increased sud- 
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denly between the ISth and hatching days. Triglyceride and sterol ester 
of whole plasma were present in practically identical quantities until the 
15th day of incubation, after which a rise in sterol ester occurred, continuing 
to the 2Ist day; a decline in triglyceride of similar magnitude took place 
during this time. Non-esterified sterol was present in low concentration 
in all of the embryos and rose slightly with increasing age.” 

The four major classes of lipides were distributed among the three den- 
sity groups of lipoproteins (Figs. 2, 3, and 4). The lipide components of 
Lipoprotein Ia varied as a function of age in respect to both total amount 
and predominant type (Fig. 2). The highest concentration of total lipide 
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Fig. 3. Lipides of Lipoprotein Ib. Symbols as for Fig. 1. Each point represents 
the mean value of three experiments. Plasma was pooled from at least twenty-four 
birds for each analysis. 

Fic. 4. Lipides of Lipoprotein II. Symbols as for Fig. 1. Each point represents 
the mean value of two or three experiments. Plasma was pooled from at least 
twenty-four birds for each determination except in the case of the chicks 6 weeks 
old, when blood was pooled from six birds in one experiment and from twelve in 
another. 
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occurred in the plasma of the 18 day embryo. From the 10th to the 18th 
day of incubation, triglyceride was the predominant lipide, but from the 
15th day there was a steady increase in the proportion of sterol ester until, 
in the newly hatched chick, it greatly outweighed triglyceride. The pro- 
portion of phospholipide in this lightest group was approximately 30 per 
cent. 

Lipoprotein Ib was characterized by a high proportion of both sterol 
ester and phospholipide (Fig. 3). In the 10 and 13 day stages, phospho- 
lipide was predominant. At 15 days the concentration of these substances 


2 The amounts of triglyceride and phospholipide in the plasma of the individual 
hens varied considerably, while the non-esterified sterol and the sterol ester were 
present in consistent amounts (Fig. 1). However, the ratios of triglyceride to phos- 
pholipide were very similar in the hens studied. 
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was approximately equal. Thereafter, sterol ester was predominant.’ The 
concentration of triglyceride was low in all age groups. ‘The total lipide of 
this fraction was greatest in the 18 day embryo, when it amounted to 35 
per cent of the total plasma lipide. 

Lipoprotein IL was especially rich in phospholipide (Fig. 4), and, when 
its concentration nearly tripled just prior to hatching, a corresponding rise 
was seen in the phospholipide of whole plasma (Fig. 1). A rather sharp 
rise in the sterol ester of this fraction was observed in the 18 day embryo. 


DISCUSSION 


At the present stage of investigation, the significance and origin of 
many of the changes in lipoprotein composition and concentration which 
accompany development remain obscure. Such factors as nutrition, avail- 
ability of carrier material (protein), lipide utilization and synthesis play 
roles in the determination of the 6bserved spectrum which are difficult to 
evaluate without further experimental evidence. 

These lipide-protein combinations were not centrifugation artifacts. 
Comparison between constituents of whole plasma and those of centrifugal 
fractions by such means as electrophoresis (9) and ionophoresis (1) revealed 
no differences attributable to the centrifugation procedure. 

An exception to the rule that triglyceride was the predominant lipide of 
the lightest lipoproteins was observed in the 21 day embryo. Even though 
these light lipoproteins of the embryo contained a large amount of sterol 
ester and were notably deficient in triglyceride, they produced turbidity 
of the plasma. It is, therefore, apparent that under certain conditions 
lipides other than triglycerides can appear as large globules (chylomicrons) 
in the blood. 

As early as the 15th to 18th day of incubation the amount of triglyceride 
in the whole plasma had begun to fall significantly, whereas the concen- 
tration of sterol ester had risen sharply (Fig. 1). Between the 18th and 
2ist days of incubation an even more precipitous drop in the tryglyceride 
content of the blood was observed, with concomitant increases in both 
sterol ester and phospholipide. These phenomena occurred concurrently 
with the increase in the size of the liver, which is very small until the 14th 
day, when its rapid growth begins. Entenman, Lorenz, and Chaikoff 
(10) found that the liver of the newly hatched chick contained large 
amounts of cholesterol, mainly as ester. (Up to 9.7 per cent of the total 
dry weight was cholesterol which was about one-half the total lipide.) Me- 


*? Subsequent studies have shown that, whereas chicken embryos of more than 
15 days have two major components in the Lipoprotein Ib group, the vounger embryo 
has none or little of the lighter of these components. The lighter component con- 
tains primarily sterol ester, whereas the heavier contains mostly phospholipide. 
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Menamin indicated that the concentration of sterol ester in the plasma of 
the chicken embryo is related to the concentration of sterol ester in the 
liver; when the output of thyroxine in the chicken embryo of 18 to 21 days 
was reduced, the concentration of sterol ester in the liver went down, 
while that of the blood rose proportionately. 

It should be emphasized that such a high concentration of sterol ester 
in the plasma appears to be unique to the late embryo. These proportions 
were found neither in the adult hen (Fig. 1) nor in mature human beings 
(8). The significance of large amounts of sterols in the blood of the chick 
embryo is not known. That the phenomenon may apply to other breeds 
of chickens and to other species is suggested by preliminary findings on the 
white Leghorn embryo and the advanced rabbit fetus. 

The increased incorporation of fatty acids into phospholipide between 
the 18th and 21st days was correlated with a large increase in Lipoprotein 
II which took place during this time (Fig. 4). The appearance of fatty 
acids in the dense lipoproteins followed fairly soon the feeding of C™- 
labeled methyl oleate’ to newly hatched chicks. About 40 per cent of 
the total radioactivity of the plasma lipide (as observed 6 hours after 
feeding) was in the dense fraction. 


SUMMARY 


The plasma lipoproteins of chicken embryos in various stages of develop- 
ment were divided into three groups on the basis of their flotation in 
aqueous media of different densities. Amounts of sterol ester, triglyceride, 
unesterified sterol, and phospholipide associated with each of those frac- 
tions were determined by means of a chromatographic procedure. 

In whole plasma, phospholipide was present in relatively large amounts 
throughout development, but decreased to a measurable degree between 
the 10th and 18th days of incubation and then increased. A sharp rise in 
sterol ester began at the 15th day of incubation, with a correlating decrease 
in triglyceride. 

The lightest lipoproteins were characterized by a predominance of tri- 
glyceride until close to the time of hatching, when sterol ester became the 
major lipide component of this group. 

The median density group of lipoproteins contained phospholipide as 
the major component early in development, but a shift to sterol ester oc- 
curred after the 15th day of incubation. 

The lipides of the densest lipoproteins were composed of over 50 per cent 
phospholipide, but increasing amounts of sterol ester appeared as develop- 
ment proceeded. 


4 Personal communication from J. W. McMenamin (1954). 
6 Prepared in this laboratory by Dr. Judd C. Nevenzel of the Tracer Synthesis 


Section, Biochemistry Division. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


VII. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS 
OF t- MALATE AT pH 4 TO pH 7 


By HUBERT BRADFORD VICKERY 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Received for publication, November 3, 1954) 


When excised tobacco leaves are cultured for 48 hours in darkness in 
solutions of L-malate, more malic acid is taken up and a greater proportion 
of the acquired acid is metabolized if the solution is supplied at pH 5 than 
is observed if the solution is adjusted to pH 6 (1, 2). Nevertheless, the 
formation of citric acid was found to be stimulated to a greater extent at 
pH 6 than at pH 5. When succinic acid is furnished to the leaves under 
the same conditions, approximately 90 per cent of the acid taken up dis- 
appears as such, apparently because of its ready convertibility to malic 
acid, but again the uptake is greater at pH 5 and the stimulation of the 
formation of citric acid is greater at pH 6. It has accordingly seemed 
desirable to examine the behavior of leaves cultured in solutions of L- 
malate adjusted to a broader range of pH in the hope that, under more ex- 
treme conditions, the response of the enzyme systems might be such as 
to throw some light upon the nature of the reactions that occur. 


EXPERIMENTAL 


The plants of Nicotiana tabacum, var. Connecticut shade-grown, were 
raised in the greenhouse in the season of 1952 and were sampled by the 
statistical method (3) 57 days after being set out. The coefficient of vari- 
ation of the fresh weight of the ten samples (twenty leaves each) was 2.9 
per cent, which is somewhat higher than is usually found, but that the 
samples were initially closely alike in composition is shown by the coeffi- 
cient of variation of the total nitrogen content which was only 1.2 per cent. 

A control sample was at once dried for analysis and another was cul- 
tured for 48 hours in water in the dark. Of the remaining samples, four 
were cultured for 24 hours and four for 48 hours in darkness in 0.2 mM solu- 
tions of potassium L-malate adjusted respectively to plI 4, 5, 6, and 7. 
All samples increased slightly in fresh weight and there was no evidence 
of damage to the tissues. 

The experimental technique has been described in previous papers and 
details of most of the analytical methods used are to be found in a recent 
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bulletin from this Station (4). Malic acid was determined by a modifica- 
tion of the ion exchange chromatographic method of Busch, Hurlbert, and 
Potter (5), and citric acid as described by Hargreaves, Abrahams, and 
Vickery (6) in the pooled citric acid fractions from the column because of 
the presence of a significant proportion of a second as yet unidentified com- 
ponent in these fractions. The total organic acids were estimated from 
the sum of the titrations of all of the fractions from the column together 
with the separately determined oxalic acid which is not eluted under the 
conditions adopted. 

The effect of the pH of the culture solution upon the uptake of potas- 
sium by the leaves is shown in Fig. 1, A in which data obtained by two 
completely independent methods are plotted. The solid lines show the 
increase in the alkalinity of the ash (7.e., the increase of potassium car- 
bonate) over that of the control sample, the broken lines the increase in 
potassium as determined in water extracts of the dried tissues by the 
flame photometer.' The control sample before culture contained 326 
m.eq. of alkalinity of ash and 146 m.eq. of potassium per kilo of initial 
fresh weight of the leaves and there was no significant change after culture 
in water for 48 hours. 

The effect of culture upon the total organic acidity is shown in Fig. 1, B; 
the initial sample contained 250 m.eq. per kilo. Fig. 1, C and Fig. 1, D 
show the accumulation of malic acid from an initial level of 173 m.eq. per 
kilo and the resulting stimulation of the formation of citric acid. The sam- 
ple cultured in water lost 3 m.eq. of malic acid in 48 hours but increased 


in citric acid content from an initial level of 18 m.eq. to 26 m.eq. per kilo. © 


However, in the leaves artificially enriched with malic acid, the formation 
of citric acid was stimulated from nearly 4- to more than 5-fold according 
to the pH of the culture solution. The greatest increase occurred at high 
pH. 

The data for the uptake of malic acid in Fig. 2, A were calculated from 
the means of the respective values for the increase in alkalinity of ash 
and for the increase in potassium shown in Fig. 1, A on the assumption that 
the mean of the results of the two analytical methods, one of which is 
absolutely specific, provides the most reliable information. The divisors 


used at pH 4, 5, 6, and 7 were, respectively, 0.42, 0.70, 0.94, and 0.99, © 
these being the fractions of the malic acid which are neutralized at the in- | 


dicated acidities as calculated from a plot of the dissociation curve of malic 
acid.2, Although the results at pH 5 and 6 are not consistent in trend with 


1 We are indebted to Mr. W. H. Mathis of the Department of Analytical Chemis- 
try of this Station for these determinations. 

2 The use of these quantities involves the assumption that the potassium ion and 
the two ionic species and the uncharged molecules of malic acid present in the culture 
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earlier data, it is clear that considerably more malic acid is taken up in 
48 hours at the lowest pH than at the highest. 

The quantity of malic acid metabolized (Fig. 2, B) was calculated as the 
difference between the uptake and the actual increase found by analysis. 
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Fic. 1. A, increase of potassium and of alkalinity of ash (in milliequivalents 
per kilo of initial fresh weight) during culture of excised tobacco leaves for 24 and 
48 hours in solutions of potassium L-malate at reactions from pH 4 to pH 7; B, effect 
on total non-volatile organic acids; C, effect on the content of malic acid; D, effect 
on the content of citric acid. 


Except for the value at 24 hours at pH 6, the data yield smooth curves, 
which suggest that approximately twice as much malic acid was converted 


solutions entered the cells in the ratio in which they occurred at the pH to which the 
solutions were adjusted. The validity of this assumption cannot be easily demon- 
strated with a metabolically active organic acid, but it appears to be true for a meta- 
holically inactive acid such as (+)-tartarie acid at pH 5 and 6 (7). The figure used 
for the solution at pH 4 is probably less reliable than the others. 
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into other metabolic products at pH 4 as at pH 7, and the observations 
at pH 5 and 6 conform in trend with the results of the earlier experiment 
(2). The same data plotted in Fig. 2, C as percentages of the uptake at 
each point show that not only a greater amount but a greater proportion 
of the available malic acid was metabolized at low than at high pH, and 
again the data conform with previous results. However, there was little 
difference between the percentages metabolized at pH 6 and pH 7, and 
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Fic. 2. A, uptake of malic acid by excised tobacco leaves cultured for 24 and 
48 hours on solutions of potassium L-malate at reactions from pH 4 to pH 7; B, quan- 
tity of malic acid metabolized; C, malic acid metabolized as a percentage of that 


taken up; D, net loss of organic acids from the system. 


there is a possibility that the value for 24 hours at pH 6 is somewhat out of 
line. 
Fig. 2, D shows the differences at each point between the uptake of 
malic acid and the increase in total titratable organic acids, this being 
interpreted as the net loss of organic acid from the several systems. The 
utilization of acids in the general metabolism is obviously greatly stimu- 
lated at low pH, although whether the acids that disappeared were com- 
pletely oxidized, as seems most likely, or were converted in whole or in part 
into non-acidic substances does not appear from the data. 

Uptake of Solution and Transpiration Loss—Inasmuch as the culture 
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solutions were 0.2 M, the volume taken up per kilo of leaves can be calcu- 
lated from the uptake of malic acid. If the increases in fresh weight 
(mean values, 18 gm. per kilo in 24 hours, 33 gm. in 48 hours) of the samples 
are deducted, an estimate is furnished of the transpiration of water from 
the leaves during the period of culture, the further correction for the loss of 
organic solids by respiration being negligible. The data in Table I, Line 
1, are somewhat irregular but suggest that the transpiration may have been 


TABLE I 


Effect of Culture in 0.2 mM Solutions of Potassium u-Malate upon Composition 
of Excised Tobacco Leaves 


Data expressed in terms of initial fresh weight of 1 kilo per sample. 


Change in 48 hrs. in darkness 
Control 
Line No. before 
culture | | Malate, Malate, Malate, |Malate, 
| pH 4 | pH 5 pH 6 | pH 7 
2. per single leaf, ml... | 66] 5.0; 5.7| 5.2 
2.34,-0.07 —0.13 —0.23, —0.11 —0.33 
4. Golds, gm................. 17.9 |+0.1 | —6.4 +10.9 +9.8 
74.9 —2.4 | +0.0 —0.9 | +1.2 +0.6 
6 corrected for COs of 
82.1 |—2.3 | +1.7 |\4+1.4 , +4.5 +3.6 
7. pH of extract of dry tissue.......... 5.32, +0.08 +0.07 +0.10 +0.22 +0.20 
2.1 |—-1.9 | —2.0 |—2.0 | —1.8 |—2.0 
10. Net change organic acids (as malic), | | | 

11. Sum of Lines 8, 9, and 10, | | 
12. Observed respiration loss, gm... —2.4 |-10.6 -—8.7  —-6.5 —5.8 
13. Loss accounted for, %............. 5A 92 |65 | 72 | 72 


stimulated at the lowest pH of the culture solution. The average value 
per single leaf (Table I, Line 2) was 5.6 ml. in 48 hours or 35 per cent of 
the fresh weight (16 gm.) of one leaf. The average total uptake of solution 
was 6.1 ml. per single leaf or 38 per cent of its fresh weight. These figures 
furnish an indication of the order of magnitude of the phenomena involved. 
It may perhaps be pointed out that the success of the method employed 
in these experiments for introducing metabolites into leaves is to a consid- 
erable extent dependent upon establishing conditions such that the trans- 
Piration attains useful magnitudes. 

Effect on Protein Metabolism—The data for protein nitrogen are shown 
in Table I, Line 3. Asin previous experiments (2, 8), a marked stimulation 
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of the decomposition of protein was observed as a result of culture of the 
leaves on salts of organic acid. 


DISCUSSION 


Conversion of Malic Acid into Citric Acid——When tobacco leaves are 
cultured in water or inorganic salt solutions in darkness, malic acid de- 
creases and citric acid increases, although there is little change in the total 
organic acidity. Some years ago (9), upon purely analytical evidence, the 
hypothesis was advanced that reactions occur under these conditions by 
which malic acid is converted into citric acid. More recently, Zbinovsky 
and Burris (10) have obtained evidence from experiments in which malic 
acid labeled with radioactive carbon was infiltrated into tobacco leaves 
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Fic. 3. A, molar ratio of the malic acid metabolized to the increase of citric 
acid in 24 and 48 hours as a function of pH of the culture solution; B, loss of organic 
solids through respiration during 24 and 48 hours of culture as a function of the pH 
of the culture solution. 


that such an interconversion does in fact occur. Furthermore, considera- 
tion of the data obtained in a number of experiments (1, 2) in which 
tobacco leaves were cultured in water, in inorganic salts, or in malate led 
to the suggestion that 2 moles of malic acid are used up during the synthe- 
sis of 1 mole of citric acid, for in many cases the molar ratio of the malic 
acid which disappeared from the system to the citric acid produced approxt- 
mated to 2.0. Most of the available data lie in the range between 2 and 3 
and consideration must be given to the possibility that some of the malic 
acid may have had a fate other than transformation to citric acid. 

The data plotted in Fig. 3, A throw some light upon this matter. The 
ratios of the number of moles of malic acid metabolized to the number of 
moles of citric acid produced at each point of observation fall along smooth 
curves that suggest that this ratio is a sensitive function of the pH to which 
the culture solution is adjusted. At low pH, where the uptake of malic 
acid is maximal and the proportion of the acquired acid which disappears 
from the system is also maximal, the molar ratio is high, being of the order 
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of 7 for the 48 hour period. At neutral pH, where the uptake is appre- 
ciably less and the proportion metabolized is much smaller, the ratio falls 
almost to 2. Fig. 1, D shows that citric acid accumulates to the greatest 
extent at neutral pH. It is accordingly possible to conclude that a se- 
quence of reactions whereby 2 moles of malic acid are used up during the 
formation of a single mole of citric acid represents the predominant fate 
of the malic acid that disappears when this substance is supplied in cul- 
ture solution in the range pH 6 to 7. At more acid pH, it is clear that a 
substantial part of the malic acid which disappeared had some other meta- 
bolic fate. The fact that malic acid accumulates as such to the greatest 
extent in the range pH 6 to7 (Fig. 1, C) correlates well with this view of the 
situation. 

Respiration Loss—Table I shows in Line 5 the changes in organic solids 
which occurred during culture of the leaves for 48 hours. These quan- 
tities have been corrected in Line 6 by the addition of the respective 
weights of the carbon dioxide, computed from the increases in the alkalinity 
of the ash, on the assumption that this represents carbonate derived from 
the combustion of the acquired potassium malate. A closer estimate of 
the actual losses of organic substance from the respective systems is thus 
provided by calculating the difference between the uptake of malic acid at 
each point and the observed change in corrected organic solids. These 
differences are plotted in gm. per kilo in Fig. 3, B as the respiration loss. 
Although the loss of organic solids during 24 hours was not greatly affected 
by the pH of the culture solution, the loss in 48 hours follows a smooth 
curve that slopes downward from somewhat more than 10 gm. per kilo 
at pH 4 to about 6 gm. at pH 6 and 7. The range is sufficient to give 
some confidence in the validity of the results, and it may be inferred that 
respiration, as measured by the loss of organic solids, is stimulated at low 
pH of the culture solution. 

Lines 8 to 11 in Table I give the data for the losses, respectively, of 
starch, glucose, organic acids (arbitrarily calculated as malic acid), and 
the sums of these losses and, in Line 13, the calculation of these sums as 
percentages of the observed losses of organic solids through respiration 
(Line 12). Although in experiments in which tobacco leaves were cultured 
in tartaric or succinic acid salts (2, 7) at pH 5 and 6 it was possible to give 
a moderately satisfactory account of the losses of organic solids in terms of 
these three components, it was not possible to do so in the previous work 
in Which malice acid was furnished to the leaves; nor can this be done in 
the present case. At pH 4, at which a large proportion of the acquired 
malic acid appears to have been completely removed from the system, 
presumably by respiration, the accounting reaches the moderately satis- 
factory figure of 92 per cent, but, at the less acid reactions of the culture 
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solution, it is clear that other components of the leaves in addition to 
starch, glucose, and organic acids must have made a significant contribu- 
tion. Neither sucrose nor unfermentable reducing carbohydrate could 
have been involved, for the sucrose increased slightly and the unferment- 
able carbohydrate was essentially unchanged. The poor accounting in 
the control leaves cultured in water should not be emphasized since the 
observed respiration loss was small and it is extremely doubtful that the 
organic acids actually increased as the analysis of the samples indicates. 
A small difference between two samples has here had a large apparent effect 
and, if the change in the total organic acids is neglected, the accounting is 
complete. 

The respiration loss in 48 hours when the culture solution was supplied 
at pH 4 was 4.6 gm. per kilo greater than the loss when the solution was at 
pH 6. Reference to Fig. 2, D shows that there was a correspondingly 
large change in the net loss of organic acids from the leaves in the same 
range of pH. The observed difference was 78 m.eq. which, calculated as 
malic acid, amounts to 5.2 gm. Although the approximate agreement 
between these quantities may be to some extent fortuitous, the evidence 
indicates that the substance which contributed a substantial part of the 
increased respiratory loss at low pH was malic acid acquired from the 
culture solution. 

This result makes it possible to suggest what is doubtless an oversimpli- 
fied but nevertheless reasonable explanation of the effect of the pH of the 
culture solution upon the ratios plotted in Fig. 3, A. It may be assumed 
that the acquired malic acid has two major metabolic fates. Some of it 
contributes to the respiratory loss, some to the synthesis of citric acid. 
The relative proportions vary with the pH of the culture solution; at low 
pH, where the uptake is high and the concentration of malic acid in the 
cells is unusually increased, much of the acid is apparently completely 
oxidized ;? at pH 6 to 7 where the uptake is less, much and probably most 
of that part which disappears is used for the synthesis of citric acid. 

It is tempting to speculate that one is here dealing with the metabolic 
fates of the two ionic forms in which the malic acid finds its way into the 
leaf cells. At pH 4, approximately 71 per cent of the malic acid in solution 
is present as the monovalent acid malate ion (approximately 23 per cent 
is uncharged); at pH 6, 89 per cent is present as the divalent ion. How- 


$1t should perhaps be pointed out that any part of the metabolized malie acid 
which was converted into oxalacetic or pyruvie acid would escape detection. These 
components would be in part, at least, decomposed during the drying of the leaf 
tissue, and any that remained would be decomposed when the fractions eluted from 
the column with formic acid were evaporated to dryness in preparation for titration. 
Whether or not either of these acids is present in more than trace quantities in to- 
bacco leaf tissue under any circumstances is a matter for future investigation. 
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ever, questions of the permeability of the cells within the leaf structure 
to these respective ionic forms at once arise as well as the awkward fact 
that little or nothing is known of the distribution of pH within the living 
cells themselves or of the location within the cells at which the chemical 
changes occur. Extracts of the dried tissues show only minimal changes in 
pH as a result of the treatment of the leaves with culture solution (Table 
I, Line 7) but such observations furnish only a sort of average which, al- 
though it may be valid over the entire mass of tissue after this has been 
killed and dried, tells little about the pH at which the actual metabolic 
event took place during the culture period. If a culture solution at pH 
4 or at pH 7 enters a cell, the vacuole content of which is maintained at 
close to pH 5.3, the distribution of the ions must immediately become 
adjusted to the new physicochemical condition. Accordingly, speculation 
on the metabolic fate of specific ions after they have entered the cell must 
be founded on distinctly dubious assumptions. F 
Another view of the situation is to suppose that more malic acid is used 
up at pH 4 than at pH 6 or 7 simply because more was taken up, that is 
to say that the law of mass action was the controlling influence. This 
view cannot account for the observations at the end of 24 hours of culture, 
for in this period the uptake (Fig. 2, A) was little influenced by the pH of 
the culture solution, being close to 100 m.eq. in three of the four cases. 
Nevertheless, 57 per cent of the acquired malic acid was metabolized at 
pH 4 and only from 29 to 34 per cent at pH 6 and 7 (Fig. 2, C). In 48 
hours, the uptakes were 184 m.eq. at pH 4 and 140 m.eq. at pH 7, and the 
amounts metabolized were, respectively, 132 and 67 m.eq.; 7.e., 72 and 47 
per cent of the uptake. Thus, over this range of pH, a decrease in uptake 
by one-quarter is correlated with a decrease in utilization by one-half. 
In any case, it would seem reasonable to assume that the chemical be- 
havior of the system represents the response of the cells to the problem of 
maintaining an internal pH consistent with their own integrity. The ad- 
vent during 48 hours of a quantity of culture solution of the order of one- 
third of the weight of the cell and buffered at pH 4, a reaction which is con- 
siderably more acid than the fluids of the leaf (approximately pH 5.3), 
would presumably call forth chemical changes which would tend to diminish 
this surplus of acidity. The observation is that disappearance of malic 
acid is stimulated. When the culture solution is supplied at pH 6 or 7, 
on the other hand, the problem is to deal with an excess of alkali; accord- 
ingly the complete oxidation of organic acids is minimized as shown by the 
flattening of the curve for net loss (Fig. 2, D), and there is a stimulation of 
the conversion of malic acid into citric acid by which, if the molar ratio 
is taken into account, four carboxyl groups are replaced by three, an out- 
come which is more favorable than the loss of all four carboxyl groups. 
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Since the pH of the tissue extract becomes only about 0.2 unit more alka- 
line, it is quite possible that still other buffering effects as yet undetected 
come into play. 

Comparison with Effect of Culture in Citrate—In previous experiments 
(8) in which tobacco leaves were cultured in solutions of citrate under 
conditions similar to those in the present study, it was observed that the 
uptake of citric acid was greater at pH 4 than at pH 6 (the results at pH 
7 differed little from those at pH 6) and that the amount of citric acid which 
disappeared from the system was greater at low pH. The uptakes at pH 
4 and 6 were, respectively, 230 and 183 m.eq. per kilo, and the amounts 
metabolized were 155 and 71 m.eq. The loss of organic acids from the 
system, presumably through respiration, was also greatest at pH 4. Ac- 
cordingly, the main effects of the pH of the culture solution upon the ob- 
served behavior were essentially the same with either acid. The out- 
standing difference in the two instances is in the effect upon the reaction 
or series of reactions whereby malic acid is converted into citric acid. 
As pointed out above, this chemical change is promoted and rendered more 
efficient (7.c., the molar ratio diminishes and approaches 2) as the pH of 
the malic acid culture solution becomes less acid. When citrate is sup- 
plied, on the other hand, the reaction is reversed, for under these conditions 
malic acid increases. Furthermore, provided that sufficient citric acid en- 
ters the leaves, the increase of malic acid does not appear to be greatly af- 
fected by the pH of the culture solution. However, additional study 
would be required before it could be concluded that there is no pH effect; 
the available evidence merely suggests that it is small. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Kath 
erine A. Clark, and Laurence 8. Nolan for technical assistance, to Dr. 
Israel Zelitch and Dr. James K. Palmer for helpful discussion, and to the 
National Science Foundation for a grant which supported a part of the 
expense of this investigation. 


SUMMARY 


Excised leaves of tobacco (Nicotiana tabacum, var. Connecticut shade- 
grown), when cultured in 0.2 m solutions of potassium L-malate, take up 
more malic acid from a solution adjusted to pH 4 than from a solution at 
pH 6 or 7; furthermore, a larger proportion of the acquired malic acid is 
metabolized at low than at neutral pH. On the other hand, the stimulation 
of the formation of citric acid is greater at the higher pH. The increased 
loss of malic acid from the system at low pH is attributed to increased 
respiration of the acquired acid. 

Although other views of the situation are possible, the behavior is most 
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simply accounted for by the assumption that the increased respiration of 
organic acids at low pH represents the response of the cells to the advent 
of a solution more acid than the pH of the fluids within the cell. When 
the culture solution is supplied at a reaction more alkaline than the cell 
solution, loss of acid components by respiration is minimized and the 
conversion of malic acid into citric acid is stimulated, this pathway of 
metabolism being more advantageous than complete oxidation of the acid. 
Malic acid also accumulates as such. 


Addendum —It has recently been noticed that, if the differences between the up- 
take of acid (Fig. 2, A) and corresponding increase in total organic acids (Fig. 1, B) 
are deducted from the respective quantities of malice acid metabolized (Fig. 2, B), 
an estimate is obtained of the amount of acquired acid which in each sample is 
converted into a different organic acid. The assumption involved is that the loss 
of organic acids from each system represents decarboxylation reactions that fell 
exclusively upon the malice acid taken up. The molar ratios of the amounts of malic 
acid, that were converted to a different acid in 48 hours, to the corresponding in- 
creases in citric acid were respectively 1.8, 2.1, 1.9, and 1.7 at pH 4, 5, 6, and 7. 
Accordingly, this ratio is not sensitive to the pH of the culture solution, and its 
constancy is more interesting in the light of the statement on p. 332 regarding the 
reverse reaction which occurs when citric acid is made available to the leaves in 
culture solution. The mean value of the ratio for the seven concordant observa- 
tions (the ratio for the sample cultured for 24 hours at pH 4 was obviously out of 
line) was 1.90 + 0.26. 


BIBLIOGRAPHY 


1. Vickery, HL. B., and Abrahams, M. D., J. Biol. Chem., 180, 37 (1949). 

2. Vickery, IL. B., and Hargreaves, C. A., IL, J. Biol. Chem., 197, 121 (1952). 

3. Vickery, H. B., Leavenworth, C. 8., and Bliss, C. I., Plant Physiol., 24, 335 
(1949). 

. Viekery, H. B., and Meiss, A. N., Connecticut Agr. Exp. Sta., Bull. 569 (1953). 

. Busch, H., Hurlbert, R. B., and Potter,V. R., J. Biol. Chem., 196, 717 (1952). 

6. Hargreaves, C. A., Il, Abrahams, M. D., and Vickery, H. B., Anal. Chem., 23, 
467 (1951). 

. Vickery, H. B., and Palmer, J. K., J. Biol. Chem., 207, 275 (1954). 

8. Vickery, H. B., and Hargreaves, C. A., I], J. Biol. Chem., 196, 409 (1952). 

9. Pucher, G. W., Wakeman, A. J., and Vickery, H. B., J. Biol. Chem., 119, 523 

(1937). 
10. Zbinovsky, V., and Burris, R. H., Plant Physiol., 27, 240 (1952). 


o 


Aa- 
ts 
er 
e 
H 
th 
H 
ts 
1e 
)- 
t- 
d. 
re 
of 
p- 
ns 
n- 
if- 
ly 
t; 
yr. 
ne 
e 
yst 


rep 
diol 
of t 
mor 
the 

com 
Was 
met 
proc 
free 
dete 
com 
of t 
eOXCT 
T 
tras 
way 
elim 
pare 
whil 
reco 
oids 
the 

tails 
with 


Cane 
Rese 


Heal 


| 
the 
Inve 


EXCRETION OF ESTROGEN METABOLITES BY HUMANS* 
I. THE FATE OF SMALL DOSES OF ESTRONE AND ESTRADIOL-178 


By CHARLES T. BEER anp T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, November 4, 1954) 


Since the isolation of estrone and estradiol and the demonstration of 
their relationship to the follicular phase of ovarian function, numerous 
investigations of the metabolism and fate of these compounds have been 
reported (1). While the available evidence strongly indicates that estra- 
diol is the hormone found in ovarian follicular fluid, the interconvertibility 
of the two substances has been repeatedly demonstrated. As a basis for 
more detailed investigations, it was desired to obtain information about 
the metabolic transformation and elimination of these two closely related 
compounds by human subjects. With isotopically labeled precursors it 
was possible to evaluate the importance of estrone and estriol as estrogen 
metabolites and at the same time to examine other related transformation 
products. In addition, a study of the hydrolytic procedure necessary to 
free the hormonal metabolites from their conjugates was made. Other 
details of the biochemistry and physiology of these hormones such as a 
comparison of intravenous and intramuscular administration, the duration 
of the hormone and its metabolites in the human body, and the route of 
excretion have been examined. 

The results obtained present many points of similarity as well as con- 
trast with other steroid hormones that have been investigated in a similar 
way in these laboratories (2-4). In particular the difference in rate of 
elimination of the metabolites of the phenolic steroid hormones com- 
pared with their neutral analogue is apparent. It has been shown that, 
while estrone and estriol constitute a sensible portion of the radioactivity 
recovered in the phenolic fraction after hydrolysis of the conjugated ster- 
vids by B-glucuronidase, these two substances comprise less than half of 
the total metabolites in urine after a tracer dose of hormone. Other de- 
tails of the transformation and elimination of these hormones will be dealt 
with in the discussion and in the subsequent report (5). 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council) and the National Cancer Institute of the National Institutes of 
Health, United States Publie Health Serviee (No. C-2271). 
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EX PERIMENTAL 


Intravenous Infusions—Estrone-16-C" or estradiol-178-16-C"™ (about 0.5 
mg.) dissolved in 1 to 2 ml. of absolute ethanol was poured, with brisk 
stirring, into 600 ml. of sterile isotonic saline.!. The subjects were given 
intravenous infusions of accurately determined volumes of this solution 
during a 2 hour period. A known sample of the infusion solution was 
extracted with ether for 48 hours, and the radioactivity of the extract was 
determined by plating as solid mounts. The total radioactivity infused 
was calculated from the count of the fraction analyzed. 

Intramuscular Injections—Estradiol-178-16-C™ (about 0.25 mg.) in a 
sterile ampul was dissolved in | ml. of warm benzyl alcohol. 2.5 ml. of 
sesame oil were added, and, after sealing, the ampul was autoclaved at 
140° for successive periods of 70 minutes and 90 minutes, and cooled to 
room temperature in the interval. An independent isotopic dilution meas- 
urement established that estradiol-178-16-C™ was unchanged by this steri- 
lization. 3 ml. of solution were injected intramuscularly as a single dose. 
Weighed samples of the solution not required for injection were made to 
volume in ethanol and known portions were counted after evaporation on 
planchets. From the density of the benzyl alcohol-sesame oil mixture, 
the radioactivity injected in 3 ml. was calculated. 

Collections—Urine collections were made for successive 24 hour periods. 
The start of the first period coincided with the initial administration of the 
hormone. The urine was stored in a refrigerator prior to hydrolysis, which 
as a rule was started within a few hours of the end of the collection period. 

Hydrolysis A—The urine was adjusted to pH 5 with sulfuric acid. 10 
per cent by volume of sodium acetate buffer (76 gm. of sodium acetate and 
13 ml. of glacial acetic acid made to 4 liters with water) at pH 5 was then 
added, followed by 300 Fishman units of 8-glucuronidase* per ml. of urine. 
The mixture was incubated at 37° for 5 days and then continuously ex- 
tracted with ether for 48 hours at pH 5, except in one case (Subject L) in 
which extraction was at pH 1. 

Hydrolysis B—The urine was refluxed for 30 minutes with 5 per cent 
(volume per volume) of concentrated sulfuric acid and, after cooling, was 
extracted for 48 hours with ether. 

Fractionation. Stage 1—The ether extract from Hydrolysis A or B 
above was concentrated to about 200 ml. and extracted with 200 ml. of 
9 per cent sodium bicarbonate solution. The bicarbonate solution was 
extracted three more times with 200 ml. of ether, and the combined ether 


1 Estrone-16-C' and estradiol-178-16-C'* were purchased from Charles E. Frosst 
and Company, Montreal, Canada. 

2? Obtained from the Warner-Chileott Laboratories, a division of Warner-Hudnut, 
Inc., New York, now commercially available under the trade name Ketodase. 
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extracts were back-washed twice with 20 ml. of water. The combined 
bicarbonate and aqueous washings were reserved as the acidic fraction. 

Stage 2—This separation is essentially that proposed by Engel (6). 
The ether extract from Stage 1 was evaporated and the residue dissolved 
in a mixture of 100 ml. of toluene and 25 ml. of N sodium hydroxide. The 
aqueous base was separated and the toluene was reextracted with three 
further 25 ml. portions of N sodium hydroxide. The toluene was back- 
washed three times with 5 ml. of water, and the washings were added to the 
combined n sodium hydroxide extract. The toluene solution contained 
the neutral fraction. 

Stage 3—The wn sodium hydroxide extract from Stage 2 was acidified to 
pH 1 with sulfuric acid and continuously extracted for 48 hours with ether. 
Subject L was an exception in that the solution was extracted at pH 7 in- 
stead of pH 1. The ether extract contained the phenolic fraction. 

Stage 4—The phenolic fraction from Stage 3 was separated into ketonic 
and non-ketonic components by means of Girard’s Reagent T. To the 
fraction dissolved in 10 ml. of ethanol were added 1 gm. of Reagent T and 
1 ml. of glacial acetic acid. After refluxing under nitrogen for 1 hour, the 
mixture was poured into 100 gm. of crushed ice and adjusted to neutrality 
with 2 n sodium hydroxide. The aqueous solution was extracted four 
times with an equal volume of ether, and the combined ether extracts were 
back-washed twice with 0.1 volume of water. The ether extract was dried 
and evaporated to give the non-ketonic phenolic fraction. 

The combined aqueous portion and washings were treated with 0.1 
volume of concentrated hydrochloric acid and continuously extracted for 
48 hours with ether. The dried ether extract was the ketonic phenolic 
fraction. 

Estimation of Metabolites in Phenolic Fraction. Isotopic Dilution—The 
general procedure was as follows: Known weights of highly purified non- 
radioactive estrone and estriol were added to a known fraction of the 
radioactive phenolic extract. The latter was then separated into ketonic 
and non-ketonic components by the method described for Stage 4. The 
ketonic-phenolic fraction was chromatographed directly on a silica gel 
column and eluted with petroleum ether with gradually increasing quan- 
tities of ethyl ether or ethyl acetate. The estrone fractions, characterized 
by infra-red spectrometry, were combined and recrystallized to constant 
specific activity from ethanol. The non-ketonic phenolic fraction was 
acetylated at room temperature with pyridine and acetic anhydride and 
chromatographed in a similar way on silica gel. The eluates containing 
estriol triacetate, as judged by infra-red spectra, were combined and hy- 
drolyzed by refluxing for 30 minutes with 15 per cent aqueous methanolic 
potassium hydroxide. The estriol isolated was recrystallized to constant 
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specific activity. The amount of radioactive metabolite (/) in the phe- 
nolic fraction was calculated from Formula 1. 


PGZ 
(1) E= 


where P = counts per minute of the total phenolic fraction, L = counts 
per minute of the sample of phenolic fraction taken for analysis, G = the 
weight of carrier added to phenolic sample L, and Z = counts per minute 
per mg. of purified product. 

Isotopic Analysis—A known fraction of an ethanol solution containing 
an extract or pure compound was evaporated on nickel-plated steel plan- 
chets. The amount of solid on the planchets was usually less than 0.3 
mg. persq.cm. The radioactivity was measured in a windowless gas flow 
counter and counted to +5 per cent accuracy. The observed counts were 
converted to the “infinitely thin” range by the table of Yankwich and 
Weigl (7). Samples of low specific activity or samples liable to con- 
taminate the gas flow counter (e.g. urinary acidic fractions containing ben- 
zoic acid) were oxidized by the method of Van Slyke and Folch (8), and 
the radioactivity of the resultant carbon dioxide was measured by the 
method of Eidinoff (9). The factor relating the counts obtained by this 
method to those obtained with solid mounts was determined experimen- 
tally by counting portions of a series of radioactive samples by both 
methods. Known fractions of urine specimens were dried at about 80° 
in a stream of nitrogen, oxidized, and the carbon dioxide counted to +5 
per cent accuracy. Feces were homogenized with water in a Waring 
blendor, and known fractions were removed as quickly as possible before 
appreciable sedimentation had occurred. The sample was dried, oxidized, 
and the carbon dioxide counted. Owing to difficulties in sampling the 
error of measurement of radioactivity in fecal samples was at least 10 per 
cent. 

Subjects and Administration—The subjects were female patients, showing 
no evidence of gross abnormalities in liver or kidney function. Subject 
L was aged 56 years and had hypercholesterolemia xanthoma tendinosum; 
Subject R was 26 years old and had sarcoidosis. Subject G, 35 years of 
age, had carcinoma of the rectum; Subject V, 49 years old, had hypercho- 
lesterolemia xanthoma tuberosum. Subject F, 42 years old, had rheu- 
matic heart disease; Subject M, 75 years old, had diabetes mellitus. Sub- 
jects R, G, and F were premenopausal; the others were postmenopausal. 
The amount and radioactivity of the dose are reported in Table 1. Table 
I also gives the daily urinary excretion of radioactivity by the subjects 
and the fecal radioactivity for Subjects V and F. 

Distribution of Radioactivity in Urinary Fractions (Subjects L, R, G, and 
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V)—Samples of the Ist day’s urine collections from Subjects L, R, G, and 
V were hydrolyzed with 8-glucuronidase and fractionated as described 
above. The distribution of radioactivity is shown in Table II. The cor- 
responding data obtained after hydrolysis with hot sulfuric acid are also 
presented in Table II. 

iffect of Further Hydrolysis on Acidic Fraction of Acid-Hydrolyzed Urine 
(Subject R)—The sodium bicarbonate extract of the ether-soluble metabo- 


TaB.e I 


Excretion of Radioactivity in Urine and Feces after Injection of Estrone-16-C™ 
and Estradiol-17B-16-C™ in Women 


! 


Subject L k G Vv | F | M 
Compound Estrone Estrone Estradiol Estradiol Estradiol Estradiol 
Route ofadministration Intravenous Intravenous | Intravenous | Intravenous. | 
Dose. ¢.p.m. 10% 715 1088 | 848 895 720 
Day Radioactivity in urine, ¢.p.m. X 10% 
| 
Ist 332 (46) | 362 (33) | 230 (27) | 311 (35) [429 (48) | 159 (22) 
2nd 118 (17) | 187 (17) | 118 (14) | 148 (17) (169 (19) | 153 (21) 
3rd 77 (11) | 65 () | 71 (8) | 68 (8) | 40 (5) | 58 (7) 
ith 21 (3) 24 (2) 43 (5) 37 (4) | (1) | (3) 
5th 6 W (2) 


Oth 3 (0.35) 7 (1) 


Feecs from Subject V were devoid of radioactivity on the Ist dav and contained 
26,000 ¢.p.m. on the 2nd day and 40,000 ¢.p.m. on the combined 4th and 5th days, 
representing 3 and 4 per cent of the dose respectively. No feces were excreted on 
the 3rd day by this subject. The feeal radioactivity (in counts per minute) of Sub- 
ject F was 500 on the Ist day, 71,000 on the 2nd day, 7000 on the 3rd day, 2000 on 
the 4th day (0.05, 8, 1, and 0.2 per cent of the dose respectively). 


lites from the acid-hydrolyzed urine of Subject R was divided into three 
portions. These were treated as follows: 

8-Glucuronidase Hydrolysis—-A known amount of the bicarbonate ex- 
tract was adjusted to pH 5 with dilute sulfuric acid. Acetate buffer and 
3-glucuronidase were then added as described under Hydrolysis A. After 
5 days incubation at 37°, the mixture was continuously extracted with 
ether for 48 hours, and the extract was separated into neutral phenolic 
and acidic fractions. The residual aqueous solution was adjusted to pH 
1 with sulfurie acid, reextracted with ether, and the extract fractionated. 
Fig. | (/) outlines this process and gives the distribution of radioactivity 
in the various fractions, calculated on the basis of the total acidic fraction 
from the urine, 182,000 ¢.p.m. 

Further Reflux with Acid-——XA second portion of the sodium bicarbonate 
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extract was adjusted to pH 1 with sulfuric acid. After adding a further 
5 per cent by volume of concentrated sulfuric acid, the solution was re- 
fluxed for 40 minutes and extracted with ether for 48 hours. The extract 
was fractionated; the distribution of radioactivity, calculated on the basis 
of the total urinary acidic activity, is shown in Fig. 1 (2). 

Control—The third portion of the sodium bicarbonate extract was ad- 
justed to pH 5 with sulfuric acid, extracted for 48 hours with ether, and the 
extract fractionated. The residual aqueous solution was adjusted to pH 


Il 


Fractionation of Radioactivity from Urine of 1st Day after Intravenous Administration 
of Estrone-16-'* and Estradiol -178-16-C'*; Comparison of Enzymatic and 
Acid Hydrolysis; Measurements of Estrone and Estriol by Isotopic 
Dilution after B-Glucuronidase Hydrolysis 


Results in counts per minute K 10°°. 


Subject L G | 
Compound | Estrone Estrone Estradiol | Estradiol 

| 332 362 230 311 

Acidie. B....... 47 13 7 | 9 

Residual urine. S80 S4 51 

4s 1s Is 21 

Phenolic. E.... | and 172 236 160 238 

| 53 140 147 132 

Kstrone. E...... 34 28 17 | 27 

49 112 26 OS 


E., enzymatic hydrolysis with beef liver 8-glucuronidase; A., acid hydrolysis 
(5 per cent sulfuric acid). 


1 with sulfuric acid, reextracted with ether for 24 hours, and the extract 
fractionated. Fig. 1 (3) shows the distribution of radioactivity obtained 
by this procedure. 

Details of the amount of radioactive phenolic fractions of the Ist day's 
urine taken for analysis, the weight of added carrier compounds, and the 
specific activities after isolation and purification are as follows: 


Subject L The phenolic fraction (172,000 ¢.p.m.) of this subject was 


extracted at pI1 7. The sample taken for analysis had 107,000 ¢.p.m., and 
to it were added 50.9 mg. of estrone and 52.3 mg. of estriol. The specific 
activities of the isolated compounds were as follows: estrone 410 ¢.p.m. 
per mg., estriol 568 ¢.p.m. per mg. 

Subject R—The total urinary phenolic radioactivity was 236,000 ¢.p.m. 
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The phenolic sample taken for analysis had 189,000 ¢.p.m. To it were 
added 56.4 mg. of estrone and 54.3 mg. of estriol. The specific activities 


|. /3- glucuronidase 


Acidic Fraction 
8-glucuronidase, 5 

Ether at pH5 


[Aqueous] [Ether ] 


Ether at pH | NaHCO; 
l 


NaHCO3 


Aqueous Phenolic + Neutrall [Acidic] [Phenolic + Neutral 
| 36 63. 
2. Further refiux with HoSQ4 
| 182 


Refluxed 40 mins. with S 
Extracted with 


| 


NaHCO, 


|Aqugous [Pais | [Phenolic Neutral} 


3. Control 
Acidic Fraction 
T 
Ether at pH5 
[Aqueous] Ether 

| | Ether at pH | NaHCO3 
| 
NaHCO; 


[Phenolic Acidic | Phenolic Neutral] 


Fic. 1. Flow diagram of the further hydrolysis of the acidic fraction after acid 
hydrolysis; Subject R. 


) of the isolated compounds were as follows: estrone 398 ¢.p.m. per mg., 
estriol 1650 ¢.p.m. per mg. 
a Subject G-—The total urinary phenolic radioactivity was 160,000 ¢.p.m. 
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The sample for analysis had 110,000 ¢.p.m., and the amount of carrier 
compounds added were 50.7 mg. for estrone, 50.1 mg. for estriol. When 
recovered and purified, the specific activities of these compounds were 
231 ¢.p.m. per mg. for estrone, 358 ¢.p.m. per mg. for estriol. 

Subject V—The total urinary phenolic radivactivity was 238,000 ¢.p.m. 
The phenolic sample taken for analysis had 192,000 ¢.p.m.; 49.1 mg. of 
estrone and 50.0 mg. of estriol were added, and, when isolated and puri- 
fied, the specific activities were 448 c.p.m. per mg. for estrone, 1573 ¢.p.m. 
per mg. for estriol. 

From the foregoing data the amount of radioactive estrone and estriol 
present in the total urinary phenolic fractions was calculated by Formula 
1, and the results were rounded to the nearest thousand counts (Table II). 


DISCUSSION 


Excretion of Radioactivity after Estrogen Administration—Following in- 
travenous or intramuscular administration of either estrone or estradiol- 
178 in small doses, the elimination of metabolites in the urine is a slow 
process by comparison with other steroid hormones. Thus on the Ist day, 
from 22 to 48 per cent of the radioactivity, or an average of 35 per cent of 
the dose administered, was found in the urine. During the 2nd day an 
average of 18 per cent of the dose administered was recovered in the urine, 
while on the 3rd day excretion averaged about 8 per cent of the dose; on 
the 4th day about 3 per cent of the dose was found. In Subjects M and 
F, in which continued measurements were made, small amounts of radio- 
activity were still excreted after this time. The total urinary recovery of 
radioactivity therefore corresponded to about 65 per cent of the hormone 
given. The radioactivity recovered was comparable in total amount to 
that obtained after the administration of neutral steroid hormones, such 
as testosterone and hydrocortisone, but the rate at which it appeared in 
the urine was slower and more prolonged. A comparison with testosterone 
is illustrated in Fig. 2. 

A possible explanation for this difference in rate of excretion may be 
found in the relatively stable complex formed by estrogenic steroids or 
their metabolites with the proteins of serum and liver, as shown by Szego 
(10) and more recently by Riegel and Mueller (11). The “‘protein-bound”’ 
product would retard renal excretion and very probably simultaneously 
expose the hormone or its immediate metabolic transformation products 
to more extensive degradation by various enzyme systems of the animal 
body. This explanation would be consistent with the finding in these 
and other studies (12) that metabolites of estradiol-178 which are closely 
related chemically, such as estrone and estriol, constitute but a small per 
cent of the administered hormone. Additional evidence of more deep 
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seated transformation of the estrogens is afforded by the finding of consider- 
able radioactivity in the non-phenolic fractions after hydrolysis of con- 
jugates and exhaustive extraction with ether. It would appear that much 
of this non-phenolic radioactivity may represent hormone molecules that 
have been altered in other respects than in simple hydroxylation at C-16 
or oxidation of the C-17 hydroxyl group during the time the hormone was 
in contact with organs and tissues. It is possible, of course, that con- 
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Fic. 2. Comparison of the urinary excretion of radioactivity after estradiol- 
178-16-C'* and testosterone-4-C'*. The shaded areas are average values for estra- 
diol-178; the clear areas are average values from five comparable experiments with 
testosterone in men, one published (2) and four unpublished studies from these 
laboratories. 


jugates incompletely cleaved by the hydrolytic procedures used may be 
responsible for the finding of radioactivity in these non-phenolic fractions. 
However, the studies of Riegel and Mueller (11) with rat liver homogen- 
ates indicate the formation of highly stable complexes of a metabolite of 
estradiol, and analogous reactions may occur in the human species. As a 
result, both processes, extensive degradation and the formation of as yet 
unrecognized conjugates resistant to the hydrolytic procedures employed, 
may be implied from the results. 

There was no difference apparent in the excretion of radioactivity after 
the intravenous administration of either estrone or estradiol-178. If these 


n 
f 
1. 
ln 
n- 
y, 
ol 
in 
1e, 
on 
nd 
of 
ne 
to DAYS 
ch 
in | 
he 
or | 
d” | 
sly 
cts | 
val | 
sly 
er 
ep | 

| 


344 EXCRETION OF ESTROGEN METABOLITES, I 


two substances are metabolically interconvertible, the results obtained 
would support this view. Similarly if estradiol-178 is the true hormone 
and estrone is one of the first metabolic transformation products, the 
similarity in the excretion pattern of the two steroids is explicable. There 
was likewise no apparent difference in the excretion pattern of estradiol 
when given intravenously or intramuscularly, according to the criteria 
available in these studies. From the fact that essentially equal amounts 
of radioactivity were recovered in the urine on each day studied, the ab- 
sorption of estradiol from an oily intramuscular depot over a 24 hour period 
must be a relatively efficient process. These results are comparable to 
those reported for both intravenous and intramuscular absorption of testos- 
terone for which the excretion of metabolites was similar in amount and 
kind (2, 13). It may well be, however, that when studied more criti- 
cally, for example at hourly intervals following introduction of the hormone, 
significant differences will be uncovered. Experiments of this type are in 
progress in these laboratories. 

From the data reported and the criteria used, the physical condition of 
the patients was without measurable influence on the excretory pattern 
after administration of the hormones. Of particular significance is the 
fact that the two patients with hypercholesterolemia, and the associated 
serious disorders of lipide metabolism, were in all respects quite comparable 
to the other subjects. The age of the subject and the state of ovarian 
function similarly appeared to have no influence on the manner in which 
a tracer dose of hormone was metabolized. These results with the estro- 


gens are thus in agreement with the conclusions drawn from analogous | 


studies in patients given hydrocortisone (3), in which the excretion pattern 
was independent of the age, sex, and physical condition of the patients. 
It should be emphasized that kidney and liver function, in so far as this 
could be ascertained, were normal in all of the subjects. The conclusion, 
therefore, that the rate of excretion of hormone metabolites is not mate- 
rially influenced by these diseases is important in that a variety of patients 
may be used for more detailed and searching investigations. 

The relatively minor excretion of estrogen metabolites in the feces is 
suggestive that biliary and intestinal elimination play but minor rdles in 
the metabolism of the estrogens by human subjects. An enterohepatic 
circulation of the estrogens has been demonstrated in the dog (14), but the 
total amount of material involved in this process was small. In view of 
the relatively delayed urmary excretion of estrogen metabolites, the pos- 
sibility that such circulation operates cannot be ignored, and further 
studies of bile in humans must be made. Nevertheless, as with the neu- 
tral steroid hormones testosterone and hydrocortisone, the contrast be- 
tween humans and rodents is emphasized in that the fecal route of elimina- 
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tion for all the metabolites of these hormones is the major one in the 
rodent (15-17). The species difference in the route of elimination very 
likely reflects different metabolic alterations produced in the hormones, 
and the relation of these changes to the fundamentals of hormone action 
remains an important area for investigation. 

Hydrolysis of Urinary Conjugates—lIt is clear from the results recorded 
in Table Il and Fig. 1 that hydrolysis by means of beef liver 8-glucuroni- 
dase is a much more efficient method for cleavage of the conjugates of 
the phenolic metabolites of estrone and estradiol than was the vigorous 
acid hydrolysis employed in the comparison studies. Thus, in three of 
the four examples reported, the phenolic radioactivity after enzymatic 
hydrolysis was almost twice that obtained after acid hydrolysis and was 
slightly higher in the remaining instance. A reflection of this can be seen 
in the acidic fraction after enzymatic and after acid hydrolysis. In each 
instance there was more radioactivity in the acidic fraction after acid hy- 
drolysis than after enzyme treatment. From the evidence presented in 
Fig. 1, much of the radioactivity in the acidic fraction following acid hy- 
drolysis was unhydrolyzed glucuronosides. Since the largest portion of 
the urinary metabolites of the estrogens appears in the phenolic fraction, 
hydrolysis by the enzyme 8-glucuronidase is a superior procedure for these 
particular products. It is evident that not all of the metabolites are phe- 
nols, since a small amount of radioactivity appeared in the neutral fraction 
and a much larger amount remained in the urine after hydrolysis and 
extraction. 

With the information at hand, the significance of the neutral metabolites 
is problematical. The amount obtained was about the same whether 
enzymatic or acid hydrolysis was employed, and, in the absence of further 
characterization, it cannot even be presumed that this material is actually 
neutral. The small neutral radioactivity may represent minor contamina- 
tion by phenolic or even acidic materials. 

The amount of radioactivity found in the residual urine, however, can- 
not be readily dismissed. After enzymatic hydrolysis this fraction was 
larger than was anticipated and may indicate conjugation with other sub- 
stances than glucuronic acid. Support for this view may be found in the 
fact that there was a smaller amount of radioactivity in the residual urine 
after the less specific hydrolysis with acid. Even with this procedure a 
certain amount of radioactivity remained unextracted from the urine. 
The difference observed in the radioactivity of the residual urine after acid 
and enzymatic hydrolysis is sufficiently small to indicate that little addi- 
tional material will be obtained by hydrolysis with acid subsequent to 
treatment with the enzyme. This conclusion has been confirmed by ex- 
periments recorded in the subsequent report. 
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There was only a minor amount of radioactivity in the acidic fraction 
after enzymatic hydrolysis with the exception of Subject L. In this in- 
stance, the urine after enzymatic treatment was extracted at pH 1, whereas 
in the other studies ether extraction has been carried out at pH 5. Whether 
at the lower pH some secondary alteration, such as condensation with 
another urinary constituent, accelerated oxidation or the like, was respon- 
sible for the discrepancy in this instance cannot be decided on the present 
evidence. However, after enzymatic hydrolysis it is clear that the free 
phenolic metabolites are efficiently extracted at pH 5. 

On the other hand when enzymatic hydrolysis was applied to the com- 
bined acidic fraction and residual urine after the urine had been boiled 
initially with mineral acid, there was a significant amount of radioactivity 
recovered in the phenolic plus neutral fraction, as shown in Fig. 1. These 
experiments and the control studies also presented in Fig. 1 demonstrate 
that vigorous hydrolysis with acid was ineffective for cleavage of all the 
glucuronosides of the phenolic metabolites of estrone and estradiol. Fur- 
thermore, the amount recovered in the phenolic and neutral fractions by 
6-glucuronidase hydrolysis was appreciably greater than could be obtained 
by an additional 40 minutes refluxing with 5 per cent sulfuric acid. This 
again is excellent evidence that enzymatic cleavage is a far more efficient 
procedure for conjugates of estrogen metabolites than prolonged acid 
hydrolysis. That the radioactivity in the acidic fraction after acid hy- 
drolysis was not present as sulfate esters is demonstrated by the control 
experiment in which the urine was extracted with ether at pH 1, a pro- 
cedure known to be effective in the cleavage of sulfuric acid esters of steroids 
(18). Fig. 1 likewise gives evidence that secondary transformations of 
the estrogen metabolites occur on standing, since there was appreciable 
radioactivity in the aqueous fraction after exhaustive extraction with 
ether. Since this material had been obtained in an ether-soluble form 
prior to extraction with base in the previous separation, it is apparent that 
some alteration had occurred. These difficulties further emphasize the 
need for continued scrutiny of methodology to permit accurate conclusions 
about the urinary metabolites of natural estrogens. 

Conversion to Estrone and Estriol—From the considerations dealt with 
earlier in the discussion, it seems clear that the methods employed in this 
investigation were adequate for obtaining a high but not necessarily quan- 
titative yield of the two metabolites under discussion. As indicated in 
Table III, the recovered metabolites can be discussed in terms of either the 
dose administered, the total urinary radioactivity, or the metabolites found 
in the phenolic fraction. Of these three alternatives it would seem that 
the most realistic appraisal is in terms of the percentage of the urinary 
radioactivity. Consideration in terms of the dose administered alone af- 
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fords an unrealistically low estimate, because the estrogens are more slowly 
excreted than the metabolites of the neutral steroid hormones and even 
over several days only about 65 per cent of the radioactivity can be found 
in the urine. When expressed in terms of the phenolic fraction only, the 
values convey a misleading impression that a considerably greater quantity 
has been accounted for than there actually was. 

From the data presented in Table III, it can be seen that the metabolite 
estriol was the major product in the urine of the Ist day after a tracer dose 
of either estrone or estradiol-178. In the four experiments reported, an 
average value of 22 per cent of the urinary radioactivity was present as 
estriol, whereas the corresponding figure for estrone was 8.5 per cent. 
There seemed to be no relationship between the amount of either metabo- 


Taste LIL 
Recovery of Radioactivity As Estrone and Estriol by Isotopic Dilution after 
Intravenous Administration of Estrone-16-C™ and Estradiol-17B8-16-C™ 
in Women 


Estrone Estriol 


Subject and compound administered | Per cent of Per cent of 


Phenolic | Urinary Phenolic Urinary | Dose 


——- -- 


L. Estrone.... | 19.8 | 10.2 | 4.8 | 2.5 | 14.8 6.9 
a 1.9 | 7.7 | 2.6 | 47.5 | 30.9 | 10.3 
G. Estradiol-178.......... 10.6 7.4 | 20 | 16.3 | 11.3 3.1 
7 | 3.0 


| @ 


41.2 | 31.5 | 10.9 


lite and the precursor steroid, whether estrone or estradiol-178. While 
there were individual differences in the ratio of these two metabolites, in 
no instance was there more estrone than estriol. The relatively small 
recovery in Subject G is of some interest, but no explanation of the fact is 
apparent from the data. 

The importance of the manner of administration and the magnitude of 
the dose is emphasized by the results described in the following report (5). 
It is apparent, also, that the type and amount of metabolites must be in- 
vestigated on successive intervals after the day of hormone administration. 
These and related problems will form the basis for further studies of estro- 
gen metabolism in man. 


SUMMARY 


1. The excretion of radioactivity after administration of tracer doses of 
estrone-16-C™ and estradiol-178-16-C™ was measured in six human females. 
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The urine contained the major portion of the metabolites; fecal excretion 
was minor in amount. 

2. The pattern of radioactivity excretion was similar after either intra- 
muscular or intravenous injection of estradiol-178-16-C". 

3. Use of 8-glucuronidase was found superior to boiling with 5 per cent 
sulfuric acid for hydrolysis of the conjugated metabolites. 

4. Estrone and estriol were measured by isotopic dilution in the urine 
of the Ist day after intravenous administration of estrone-16-C™ and 
estradiol-178-16-C" to four of the patients. Estrone accounted for from 
8 to 10 per cent and estriol from 11 to 31 per cent of the total urinary 
radioactivity. The amount of these metabolites appeared to be similar 
for either precursor. 


The authors express their gratitude to their colleague, Dr. Leon Hellman, 
for his cooperation in the studies with patients. We are especially in- 
debted for their technical assistance to Mr. Albert Klutch, Mrs. Millicent 
Houde, and Mrs. Rosemarie Lehman. The radioactivity measurements 
in the gas phase were performed by Dr. Maxwell L. Eidinoff of this Insti- 
tute, to whom we express our thanks for his assistance. Permission to 
administer radioactive isotope was obtained from the Atomic Energy Com- 
mission. 
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EXCRETION OF ESTROGEN METABOLITES BY HUMANS* 


Il. THE FATE OF LARGE DOSES OF ESTRADIOL-178 AFTER 
INTRAMUSCULAR AND ORAL ADMINISTRATION 


By CHARLES T. BEER anv T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, November 4, 1954) 


The isolation and chemical characterization of metabolites of the estro- 
genic hormone estradiol-178 have been hampered by the paucity of these 
compounds in normal human urine as well as by uncertainty about ade- 
quate hydrolysis of the conjugates. While late pregnancy urine is a rela- 
tively rich source of estrone and estriol, there is little reason a priori to 
believe that these metabolites of pregnancy would exactly parallel the fate 
of tracer doses of hormone. Since our aim has been to develop the basic 
information requisite for a critical study of estrogen metabolism, it was 
necessary to obtain a sufficient quantity of metabolites to afford a reason- 
able opportunity for definite identification of any as yet unrecognized prod- 
ucts of hormone metabolism. One of the means toward this end was the 
administration of large, admittedly unphysiologic, doses of estradiol-178 
to human subjects in order to evaluate the feasibility of isolation pro- 
cedures. At the same time it was desirable to have a comparison between 
the fate of large and small doses of the estrogen. The work described in 
this report was undertaken with this primary design. 

In Paper I we have described certain initial investigations of the fate 
and metabolic transformation of tracer doses of estrogens with particular 
regard to intravenously administered hormone (1). Comparison of large 
and small doses given by this route is impractical because of the great in- 
solubility of estradiol-178 in any vehicle suitable for injection into the 
vascular system. The hormone labeled with C'™ was therefore injected 
intramuscularly into two subjects, and a comparison study was made in 
a third patient after a divided oral dose. After enzymatic hydrolysis by 
means of beef liver 6-glucuronidase, the phenolic metabolites were isolated 
and measured by two methods, isotopic dilution and counter-current dis- 
tribution, on each of 4 days after introduction of the hormone. Auxiliary 
studies of the hydrolysis of urinary conjugates, the excretion of radio- 
activity in urine and feces, and other details of estrogen metabolism were 
made. 

* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 


Research Council) and the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service (No. C-2271). 
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EXPERIMENTAL 


Subject W (Female, 28 Years Old; Hodgkin’s Disease)—¥Estradiol-17,- 


16-C™, 10,500 c.p.m. per mg., was dissolved in sesame oil-benzyl alcohol, 
3:1, so that each ml. contained 5.82 mg. of estradiol-178-16-C™. Single 
intramuscular injections, each of 3 ml., were made at eight consecutive 3 
hour intervals. The total estradiol administered was 140 mg.; 1,464,000 
¢.p.m. 

Subject H (Female, 53 Years Old; Carcinoma of Breast)—F¥Estradiol-178- 
16-C', 10,000 c.p.m. per mg., was dissolved in sesame oil-benzy! alcohol, 
4:1, so that each ml. contained 6.055 mg. Eight consecutive intramus- 
cular injections, each of 6.5 ml., were made at 3 hour intervals. The total 
estradiol administered was 315 mg.; 3,150,000 ¢.p.m. 

Subject F (Female, 62 Years Old; Carcinoma of Breast)—A total of 350 
mg. of estradiol-178-16-C"™, 8850 c.p.m. per mg., was given orally in gelatin 
capsules in three equal doses at consecutive 12 hour intervals. 

Collections —Urine collections were made for consecutive 24 hour periods; 
the start of the dose was the beginning of the first period. Feces were ho- 
mogenized with water as soon as collected, and a known portion of the sus- 
pension was removed for isotopic analysis. 

Fractionation—The ether extracts obtained after hydrolysis were sepa- 
rated into acidic, neutral, and phenolic components by the methods de- 
scribed in Paper I. 

Estimation of Metabolites in Phenolic Fraction—Two alternative methods 
were used for measurement of the amounts of estrone, estradiol, and estriol 
in the urinary phenolic fractions: (1) isotopic dilution with known amounts 
of carrier compounds and (2) isolation and measurement of radioactivity 
of metabolites by counter-current distribution without added carrier. 

Isotopic Dilution—This method was used with certain phenolic fractions 
of Subject W. Known weights of highly purified non-radioactive estrone, 
estradiol-178, and estriol were added to known fractions of the phenolic 
extract. The latter was then separated into ketonic and non-ketonic 
fractions by Girard’s Reagent T, and the products were isolated and 
purified. 

Counter-Current Distribution—Known amounts of phenolic fractions were 
separated into ketonic and non-ketonic components by Girard’s Reagent 
T. Each fraction was distributed in a 99 tube Craig counter-current ma- 
chine. The solvent systems used were selected from those developed by 
Engel (2) and were as follows: Ketonic fraction, methanol 7, water 3, car- 
bon tetrachloride 10 (parts by volume). The partition coefficient K was 
calculated from the formula of Williamson and Craig (3). The estrone 
peak was at tube 53 (K = 1.15). Non-ketonic fraction, equal volumes of 
ethyl acetate, cyclohexane, ethanol, and water. The estradiol peak was 
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at tube 68 (A = 2.2) and the estriol peak at tube 28 (K = 04). After 
distribution, the contents of each tube were withdrawn and the solvent 
removed. Known fractions of the residues were counted as solid mounts 
(accuracy +10 per cent), and the observed radioactivity was plotted 
against the tube number to give the distribution curve of the metabolites. 
The observed curves were compared with the theoretical curves for the 
pure compounds calculated from the formula of Williamson and Craig (3). 

When agreement between observed and theoretical distribution was 
good, the total amount of a compound present was calculated from the 
fraction found in the peak tube. This gives the following for the three 


TABLE 
Excretion of Radioactivity after Large Doses of Estradiol-17B-16-C' 


Subject W | H | F 
Route of administration i... | Intramuscular Oral 
Dose, me. 140 | 315 | 350 
“cpm. 10-3 1464 | 3150 | 3098 
Urine Urine Feces Urine | Feces 
C.p.m. X 103 
3rd | 385 390 250 
4th 96 | 280 122 158 103 
6th 8 | | 6 
7th 3 43 12 
Sth 2.5 39 6 | 


*No feces excreted. 


metabolites: estrone, peak tube 53 contains 8.05 per cent of the total 


estrone; estradiol, peak tube 68 contains 8.7 per cent of the total estradiol ; 
estriol, peak tube 28 contains 8.95 per cent of the total estriol. 

Isotopic Analysis —Radioactivity measurements were made by the meth- 
ods previously described. 

Excretion of Radioactivity—Vhe daily urinary excretion of radioactivity 
by Subjects W, F, and H and the fecal radioactivity of Subjects F and H 
appear in ‘Table I. 

Distribution of Radioactivity in Urinary Fractions. (1) After Enzymatic 
Hydrolysis—The distribution of radioactivity after fractionation is shown 
in Tables II, 111, and IV for Subjects W, H, and F, respectively. 

2) After Further Hydrolysis—Vhe acidie and residual urine fractions of 
the 2nd day’s enzyme-hydrolyzed urine from Subject W were combined, 
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adjusted to pH 1 with sulfuric acid, and extracted for 48 hours with ether. 
The extract was then fractionated as usual. Relative to the combined 
acidic and residual urinary radioactivity (127,000 ¢.p.m.), the activity of 


TaBie II 
Radioactivity after Enzymatic Hydrolysis; Subject W, 1,464,000 C.p.m. Injected 
| Ist day 2nd day | 3rd day | 4th day 
| C.p.m. X 
8 | 29 | 20 | 3.5 
| 12 15 | 20 6 
| 71 184 | 55 34 
97 | 213 | 112 48 


Urine from the 5th day (total radioactivity, 16,000 ¢.p.m.) was treated with en- 
zyme; 13,000 c.p.m. were found in the ether after 48 hours continuous extraction at 
pH 5. 


III 


Radioactivity after Enzymatic Hydrolysis and after Acid Hydrolysis of Combined 
Acidic Fraction with Residual Urine; Subject H, 3,150,000 C.p.m. Injected 


i | i 
Ist day 2ndday 3rdday 4thday | Sthday 6thday 7th day &th day 


C.p.m. XK 107% 
Urine | 627 | 715 | 385 | 250 | 141 | GO | 43 | 39 
Enzyme | | | | 
Neutral 30 54 27 6 1 0.4 
Acidic 17 37 18 12 10 4 
Residual urine 171 268 168 116 58 26.5 15 11 
Phenolic 420 386 166 129 67 33 | 
Acidic + residual | 
urine refluxed | | | | 
with acid | | | | 
Neutral | 4 | Q 4 | | 
Acidic 6 | 4 | 34 | 
Phenolic 4) 11570 | | | | 


the fractions was as follows: acidic 39,000 ¢.p.m., neutral 1500 ¢.p.m., 
phenolic 11,000 ¢.p.m., and residual aqueous 72,000 ¢.p.m. 

The combined acidic and residual aqueous fractions from the enzyme- 
treated urines of Subject H were refluxed for 4 hours with 5 per cent by 
volume of concentrated sulfuric acid. After cooling and extracting for 48 
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hours with ether, the metabolites were fractionated. The results appear in 
Table III. A sample of unhydrolyzed urine from the Ist day of Subject H 
(total urinary radioactivity, 627,000 c.p.m.) was adjusted to pH 1 with 
dilute sulfuric acid and extracted five times, each with 6 volumes of ether. 
The combined ether extracts were then fractionated in the usual manner. 
The distribution of radioactivity, calculated on the basis of the total urine, 
was as follows: acidic 368,000 c.p.m., neutral 9000 ¢.p.m., phenolic 61,000 
¢.p.m., and residual urine 200,000 ¢.p.m. 


TABLE IV 


Radioactivity after Enzymatic Hydrolysis and after Treatment of Residual Urine at 
PH 1 and with Boiling Acid; Subject F, 3,098,000 C.p.m. by Mouth 


Ist day | 2nd day | 3rd day | 4th day 


C.pm. X10 


Urine 553 | 390158 
Ienzyme | | | 
Neutral | 28 46 19 | 9 
Acidie 1] | 5 
Phenolic | 439 613 227 72 
Residual urine extracted at pH 1 | | 
Neutral | 0.2 | 0.3 0.1 0.05 
Acidic 15 16 22 10 
Residual aqueous 37 | 7% 100 55 
Phenolic 3 2 
Residual aqueous from extraction at pl 1, | 
refluxed with acid | 
Neutral | 1 2 | 
Residual aqueous | 
Phenolic | 13 29 60 | 


The residual urine (Subject F) after enzyme hydrolysis was adjusted to 
pH 1 with sulfuric acid and extracted with ether for 48 hours. The radio- 
activity of the fractionated metabolites is reported in Table IV. The 
residual aqueous solution after ether extraction at pH 1 was then refluxed 
for 4 hours with 5 per cent by volume of concentrated sulfuric acid and 
reextracted with ether for 48 hours. The distribution of the metabolites 
after fractionation is shown in Table IV. 

Radioactive Estrone, Estradiol-178, and Estriol by Isotopic Dilution—The 
phenolic samples taken, the amount of carrier added, and the specific ac- 
tivities of the purified compounds were as follows: 

Subject W. 1st Day—The total phenolic radioactivity was 97,000 ¢.p.m. 
To a portion of the phenolic fraction having 42,500 c.p.m. were added 50.0 
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mg. of estrone and 67.1 mg. of estradiol-178. After isolation and purifica- 
tion the specific activities were as follows: estrone 139 ¢.p.m. per mg., 
estradiol-178 45 ¢.p.m. per mg. To another portion of the phenolic frac- 
tion (38,500 ¢.p.m.) were added 47.3 mg. of estriol. The purified com- 
pound had a specific activity of 64 ¢.p.m. per mg. 

2nd Day—The total phenolic radioactivity was 213,000 ¢.p.m. The 
phenolic sample taken for analysis had 39,000 c.p.m.; 49.6 mg. of estrone 
and 50.8 mg. of estriol were added. The specific activities of these com- 
pounds after isolation and purification were 235 c.p.m. per mg. for estrone 
and 62 ¢.p.m. per mg. for estriol. The value for estradiol was obtained by 
counter-current distribution (see below). 

3rd Day—The total phenolic radioactivity was 112,000 ¢.p.m. The 
sample contained 48,000 c.p.m.; 46.9 mg. of estrone, 39.6 mg. of estradiol- 
178, and 39.3 mg. of estriol were added as carriers. The extract was then 
treated with Girard’s Reagent T as usual, and the two fractions were dis- 
tributed in the counter-current machine. The three compounds thus iso- 
lated were collected and recrystallized to constant specific activity: estrone 
149 ¢.p.m. per mg., estradiol-178 72 ¢.p.m. per mg., estriol 176 ¢.p.m. per 
mg. 

4th Day—The total phenolic radioactivity was 48,000 ¢.p.m. The phe- 
nolic sample taken for analysis had 39,000 c.p.m.; 61.1 mg. of estrone and 
54.1 mg. of estriol were added, and, when isolated and purified, the specific 
activities were as follows: estrone 42 c.p.m. per mg., estriol 230 ¢.p.m. per 
mg. 

Radioactive Estrone, Estradiol-178, and Estriol by Counter-Current Dis- 
tribution—The ketonic and non-ketonic fractions from known portions of 
the phenolic extract of enzyme-hydrolyzed urines were distributed in the 
Craig counter-current machine with the solvent systems described. The 
total amount of a particular compound was obtained by multiplying the 
peak tube radioactivity with the appropriate factor: estrone 100/8.05; 
estradiol 100/8.7; estriol 100/8.95. The radioactivity of the phenolic frac- 
tions used in the analyses and the radioactivity found in the peak tubes 
corresponding to estrone, estradiol, and estriol are given below. 

Subject W. 2nd Day—The total phenolic radioactivity was 213,000 
c.p.m. The phenolic sample taken for analysis contained 108,000 ¢.p.m.; 
estradiol peak tube, 810 ¢.p.m. 

3rd Day—The total phenolic radioactivity was 112,000 ¢.p.m. The 
phenolic sample used for distribution in the machine had 46,000 c.p.m. 
The radioactivity in the peak tubes was 595 c.p.m. for estrone, 285 ¢.p.m. 
for estradiol, 710 ¢.p.m. for estriol. 

Subject H. Phenolic Fractions from Enzyme-Hydrolyzed Urines. 1st 
Day—The total phenolic radioactivity was 420,000 ¢.p.m. The phenolic 
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sample taken for analysis had 388,000 ¢.p.m.; radioactivity in the peak 
tubes, estrone 6800 ¢.p.m., estradiol 5000 ¢.p.m., estriol 1700 ¢.p.m. 

2nd Day—The total phenolic radioactivity was 386,000 ¢.p.m. The 
sample taken for analysis had 353,000 ¢.p.m.; peak tube radioactivities, 
estrone 4100 c.p.m., estradiol 1600 ¢.p.m., estriol 1400 ¢.p.m. 

3rd Day—The total phenolic radioactivity was 166,000 ¢.p.m. The 
sample taken for analysis had 152,000 c.p.m.; the peak tube radioactivities, 
estrone 1500 c.p.m., estradiol 580 ¢.p.m., estriol 1300 ¢.p.m. 

4th Day—The total phenolic radioactivity was 129,000 ¢.p.m. The 
sample taken for analysis had 116,000 ¢.p.m. The estrone and estradiol 
peaks were not well defined; the peak tubes had approximately 400 and 
300 ¢.p.m. respectively; the estriol peak tube, 1800 ¢.p.m. 

Subject H. Phenolic Fraction Isolated from Combined Acidic and Residual 
Urinary Fractions after Refluxing with Acid. 2nd Day—The phenolic ex- 
tract used in this estimation was that obtained after refluxing with acid the 
combined acidic and residual urinary fractions of the 2nd day’s enzyme- 
hydrolyzed urine. The total radioactivity of this phenolic fraction was 
115,000 ¢.p.m. (Table II11); the sample taken for distribution had 96,000 
c.p.m. The estrone peak tube had 350 c¢.p.m., but the distribution 
curve was poorly defined. The estradiol and estriol peak tubes had 330 
and 615 ¢.p.m. respectively. Calculated to the urinary phenolic radioac- 
tivity these gave 5000 ¢.p.m. for estrone, 5000 ¢.p.m. for estradiol, 8000 
¢.p.m. for estriol. 

Subject F. Phenolic Fractions from Enzyme-Hydrolyzed Urines. 1st 
Day—The total phenolic radioactivity was 439,000 ¢.p.m. The sample 
taken for distribution had 410,000 ¢.p.m. The peak tubes corresponding 
to estrone, estradiol, and estriol had 18,500, 4700, and 360 c¢.p.m. respec- 
tively. 

2nd Day—The total phenolic radioactivity was 613,000 ¢.p.m. The 
sample had 511,000 c.p.m. After distribution the activities in the peak 
tubes were 22,500 c.p.m. for estrone, 6600 ¢.p.m. for estradiol, 1900 ¢.p.m. 
for estriol. 

3rd Day—The total phenolic radioactivity was 227,000 ¢.p.m. A sam- 
ple with 210,000 ¢.p.m. was taken for distribution. The peak tube activi- 
ties were 4500 ¢.p.m. for estrone, 1720 ¢.p.m. for estradiol, 1700 ¢.p.m. for 
estriol. 

4th Day—The total phenolie radioactivity was 72,000 ¢.p.m. The sam- 
ple taken for distribution had 66,000 ¢.p.m. The peak tube activities were 
950 c.p.m. for estrone, 350 ¢.p.m. for estradiol, 1450 ¢.p.m. for estriol. 

Subject F. Phenolic Fraction from Residual Aqueous Refluxed with Acid— 
The phenolic extract used in this distribution was that isolated from the 
2nd day’s residual aqueous after refluxing with sulfuric acid (Table 1V); 
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total radioactivity, 29,000 c.p.m. The portion taken for distribution 
had 23,000 c.p.m., and the activities in the peak tubes were 95 c.p.m. for 
estrone, 60 ¢.p.m. for estradiol, 230 ¢.p.m. for estriol. 


DISCUSSION 


Excretion of Radioactivity—The urinary radioactivity following intra- 
muscular administration of estradiol-178 corresponded to 65 per cent of 
the dose administered, and the major portion of this was eliminated in the 
first 4 days after introduction of the estrogen. The recovery was very 
similar for the two subjects and was almost the same as that found after 
the intravenous administration of a tracer dose (1). Indeed, if the Ist 
and 2nd days are considered together as the time of administration, the 
rate of elimination as well as the total recovery was very nearly identical 
for the small and the massive doses. It is apparent, therefore, that absorp- 
tion from a large depot of oil was a remarkably efficient process and in 
gross aspect resembled intravenous introduction. 

As with the small doses, the fecal excretion of radioactivity following a 
massive intramuscular dose was small in comparison with the amount 
given; 7.c., 11 per cent of the dose. The fecal metabolites, like those of 
urine, were present for several days and equaled the urinary excretion on the 
final day measured. In view of the suggestion that the molecule may 
undergo extensive degradation during a prolonged residence in the tissues 
of the recipient, it is perhaps significant that the proportion excreted 
through the gastrointestinal tract increased toward the end of the experi- 
mental period. A similar trend was seen after the oral dose when, on the 
7th day, the fecal and urinary excretions of radioactivity were the same. 
The initially higher fecal excretion following the oral dose must, at least in 
part, be a consequence of incomplete absorption, although it is evident that 
a considerable fraction of the oral dose had been successfully absorbed. 
In fact, the radioactivity recovered in the oral experiment was almost 
90 per cent of the amount given, and 65 per cent was in the urine. 

Hydrolysis of Urinary Conjugates—lIt is apparent that only small amounts 
of unconjugated metabolites or easily hydrolyzed conjugates are present in 
urine. Thus, with Subject H, when the Ist day’s urine was extracted with 
ether at pH 1 prior to any hydrolytic procedure, only about 10 per cent of 
the radioactivity in the urine appeared in the phenolic fraction. Compari- 
son of the same day’s urine after enzymatic hydrolysis, when 67 per cent 
of the urinary radioactivity was obtained in the phenolic fraction, strongly 
suggests that conjugation with glucuronic acid is the major means by which 
these metabolites are converted to water-soluble derivatives. This ex- 
periment likewise demonstrated that use of 6-glucuronidase was an efficient 
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hydrolytic procedure for the conjugates of massive doses, as had already 
been shown for tracer quantities. 

It is of some interest to note that in these experiments there was little 
evidence for the presence of sulfate esters of the metabolites of estradiol- 
178. ‘Thus after enzymatic hydrolysis of the 2nd day’s urine of Subject W, 
when the combined acidic fraction and residual urine were continuously 
extracted with ether at pH 1, only 2.6 per cent of the urinary radioactivity 
was obtained in the form of phenolic metabolites. Similar results were 
obtained with Subject F after oral administration. After continuous ex- 
traction with ether at pH 1 of the urines from each of the first 4 days, the 
radioactivity of the phenolic fraction was negligible, ranging from 0.4 to 
1.3 per cent of the radioactivity in the urine. The tentative conclusion 
seems warranted that glucuronosides are major and sulfate esters are very 
minor conjugates, although it is conceivable that the 5 day incubation at 
pH 5, in the presence of the enzyme, had hydrolyzed a portion of sulfate 
esters that were present. 

The amount of radioactivity in the residual urine (Subject H, Ist day) 
after extraction at pH 1 without prior hydrolysis and after enzyme hy- 
drolysis was almost the same, 32 and 27 per cent respectively. This can 
be interpreted as indicative of the existence of another type of conjugate, 
a markedly altered metabolite, or both. Further studies must be made 
in order to elucidate these problems, and these are at present in progress 
in our laboratories. It is evident, however, that glucuronosides and the 
metabolites in the “residual urine” comprise almost all the excretory prod- 
ucts of estradiol-178. For the most part, the conjugates are of phenolic 
compounds, since the neutral and acidic fractions are very small. When 
both the enzymatic and hot acid hydrolysates are considered together, 
about 70 per cent of the total metabolites in the urine are phenols. 

The proportion of phenolic radioactivity after enzymatic hydrolysis was 
essentially similar on each of the days studied after intramuscular admin- 
istration. There is more than a suggestion, however, that feeding the 
hormone alters both the pattern of conjugation as well as the nature of the 
metabolites produced. Whereas on the Ist and 2nd days of the oral ex- 
periment 79 and 73 per cent of the radioactivity were in the phenolic frac- 
tion after enzymatic hydrolysis, only 58 and 45 per cent were found in this 
fraction during the 3rd and 4th days. With this change there was a re- 
ciprocal increase in the residual urine radioactivity from the minimum of 
10 per cent on the Ist day to 42 per cent on the 4th day. Since the princi- 
pal metabolite during the first 2 days was estrone, this result with the oral 
dose is not very surprising, because this compound could form only a mono- 
glucuronoside, readily cleaved by the enzyme. While it is evident that 
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deduction from the categorical distribution of radioactivity is subject to 
considerable uncertainty, especially with respect to the presence or absence 
of enzyme inhibitors, it seems important to draw attention to these inter- 
pretations. It is recognized that the provisional conclusions must be 
verified by more detailed studies. 

Finally it is to be noted that the radioactivity in the residual urine after 
enzyme hydrolysis contains some phenolic metabolites which can be cleaved 
from the conjugates by vigorous hydrolysis with acid. Thus on the 3rd 
day of Subject H, 18 per cent of the urinary radioactivity was obtained 
in the phenolic fraction after this treatment. A comparable amount in 
absolute terms, although smaller with respect to urinary radioactivity, was 
similarly converted to phenolic material in the first 2 days of the study. 

It should be emphasized that the phenolic products recovered from the 
residual urine by prolonged boiling with acid contain very little of the three 
pure metabolites that have been investigated in this study. Thus of 
115,000 ¢.p.m. in the phenolic fraction obtained after acid hydrolysis of 
the acidic plus residual urine of the 2nd day (Subject H), only 18,000 ¢.p.m. 
were accounted for by estrone, estradiol-178, and estriol. With the ex- 
ception of estriol, the additional amount of these metabolites obtained by 
this treatment would change the total recovery only slightly. Addition 
of the estriol from the acid hydrolysate would increase the total counts 
from 17,000 to 25,000; in terms of the dose this represents an increase from 
0.55 to 0.81 per cent on that day. Even after combined enzymatic and 
acid hydrolysis, the residual aqueous solution still contained appreciable 
radioactivity. 

Estrone, Estradiol, and Estriol—Of the two methods used for measure- 
ment of the three metabolites examined in this investigation, isotopic dilu- 
tion is the more precise and unobjectionable on theoretical grounds. 
However, this is a laborious and time-consuming operation, ill suited to an 
extended study. While counter-current distribution has certain dis- 
advantages about ease of operation, it affords information about other 
metabolites than the three compounds specifically investigated and many 
of the results reported were obtained by this procedure. A comparison of 
the results of the two methods was made with the 3rd day’s urine of Sub- 
ject W (see Table V). The agreement between the two procedures was 
such that, for the purpose of these studies, no serious differences would be 
encountered with the use of counter-current distribution alone. Care 
must be exercised, however, when the experimental curve departs appreci- 
ably from the theoretical distribution, and this has been noted wherever it 
occurred. 

From the evidence presented in Table V it is manifest that estrone was 
the chief metabolite of the three compounds measured after a massive dose 
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of estradiol-178 either orally or intramuscularly. Estrone accounted for 
from 6 to 7 per cent of the dose, or 10 per cent of the total radioactivity in 
the urine, in the two intramuscular experiments during the first 4 days. 
Despite the fact that estradiol-178 was the compound administered, only 
from 2 to 3 per cent of the dose, or about 4 per cent of the total urinary 


/ TABLE V 


Radioactivity of Estrone , Estradiol, and Estriol after Intramuscular and Oral 
Estradiol-17B-16-C''4 


Phenolic. Estrone | Estradiol | Estriol 
Subject, dose, and route of Day 
administration 
C.p.m. X 10°4 
W. 140 mg., 1,464,000 Ist 97 16 (9.0) 7 (3.9) 8 (4.5) 
¢.p.m., intramuscular | 2nd | 213 65 (15.4) (4.3) | 17 (4.0) 
3rd 112 17 (7.4) 7 (3.0) | T% (6.9) 
4th 48 3 (3.1) 16 (16.7) 
H. 315 mg., 3,150,000 Ist 420 91 (14.5) 62 (9.9) | 21 (3.3) 
¢.p.m., intramuscular | 2nd) 386 56 (7.8) 20 (2.8) | 17 (2.4) 
3rd 166 20 (5.2) 7 (1.8) | 16 (4.2) 
4th 129 Ca.6 (2.4) | Ca.4 (1.6) | 22 (8.8) 
F. 350 mg., 3,098,000 Ist 439 246 (44.5) 58 (10.5) 4 (0.7) 
¢.p.m., oral 2nd | 613 335 (39.9) | 91 (10.8) | 25 (3.0) 
| 3rd 227 60 (15.4) 21 (5.4) | 21 (5.4) 
4th | 72 | 13 (8.2) | 4 (2.5) | 18 (11.4) 


| 


The figures in parentheses represent the per cent of the total radioactivity ex- 
creted in the urine on that day. The values reported for Subject W were obtained 
by isotopic dilution, except for the estradiol value for the 2nd day. The values for 
Subjects H and F were obtained by counter-current distribution. The phenolic 
fraction, 3rd day of Subject W, was measured by both methods. The values in 
counts per minute X 10~* obtained by counter-current distribution were 18 for es- 
trone, 8 for estradiol, 19 for estriol. The combined acidic and residual urine frac- 
tions after enzymatic hydrolysis of the urine from Subject H, 2nd day, contained, in 
counts per minute X 107%, 115 for the phenolic fraction, 5 for estrone, 5 for estradiol, 
8 for estriol. The phenolic fraction (29,000 ¢.p.m.), Subject F, 2nd day, from the 
residual aqueous solution after refluxing with sulfuric acid, contained, in counts per 
minute X 10-4, 2 for estrone, | for estradiol, 3 for estriol. 


radioactivity during the first 4 days, was recovered as this compound after 
intramuscular injection. The amount of estriol was intermediate between 
these two substances, from 2 to 4 per cent of the dose administered, or 
about 5 per cent of the total radioactivity in the urine during the first 4 
days after intramuscular injection. 

As time after administration progressed, the amount of estrone and es- 
tradiol diminished rapidly, and by the 4th day relatively minor amounts 
of these metabolites were found in urine. Estriol, on the other hand, was 


to 
nce 
er- 
be 
ter 
‘ed 
ied 
in 
vas 
the 
ree 
; of 
of 
».m. 
CX- 
by 
ion 
ints 
om 
and 
ible 
re- 
lilu- 
ids. 
yan 
dis- 
her 
any 
n of 
sub- 
was 
1 be 
‘are 
recl- 
er it 
was 
dose 


362 EXCRETION OF ESTROGEN METABOLITES. | II 


excreted at a relatively constant rate when expressed in terms of per cent 
of the dose, but at a rapidly increasing rate if considered in terms of the 
urinary radioactivity. Estriol on the 4th day of Subject W corresponded 
to 17 per cent of the radioactivity in the urine, compared to 3.1 per cent 
for estrone. In Subject H, a similar but not quite so marked difference 
was evident, in that estriol represented approximately 9 per cent of the 
urinary radioactivity on the 4th day, compared to 2.4 per cent for estrone, 

After estradiol given orally, estriol was an insignificant metabolite on 
the Ist day, but by the 4th day had increased to 11.4 per cent of the total 
radioactivity in the urine. Estrone accounted for 45 per cent of the urinary 
radioactivity on the Ist day, but had diminished to 8 per cent of the uri- 
nary radioactivity by the 4th day. The excretion of estradiol-178 was 
significantly greater than that of estriol and over the 4 days studied ac- 
counted for 5.6 per cent of the dose, most of which was obtained during the 
first 2 days. It is to be noted that the recovery of radioactivity as these 
three estrogens was considerably higher in the oral experiment, 29 per cent 
of the dose, than in the intramuscular experiments, 11 and 13 per cent of 
the dose. It would appear that most of the oral dose was quickly con- 
jugated in either the intestinal mucosa or the liver and excreted after only 
minor chemical transformation. A small portion of the dose, however, 
appeared to undergo the same type of metabolic alteration found after 
intramuscular administration, in that it was retained for a relatively long 
time and was converted in part to estriol as well as to the metabolites found 
in the residual urine. Since estradiol is comparatively inactive orally, 
the fact that a considerable portion was excreted as estrone, a biologically 
active metabolite, is a strong indication that conjugation had transformed 
this product into biologically inert material. 

The most marked contrast between the small and the massive doses of 
estradiol-178 is found in the relative proportion of the three metabolites. 
With the small doses, estriol was the principal metabolite on the Ist day 
and was excreted in larger amount than estrone in all the subjects studied. 
After the large dose either intramuscularly or orally the reverse was true 
in that excretion of estrone was significantly higher than that of estriol. 
The fact that both oral and intramuscular doses were chiefly converted to 
estrone is suggestive that the size of the dose rather than the manner of 
introduction is the determinant in the metabolic transformation. While 
an unobjectionable conclusion is precluded because of the several variables 
as well as the small group of patients studied, the significance of the result 
is considerable. It is quite possible that, had the dynamics of the small 
dose been as completely investigated as of the massive amount, even 
more striking differences might have been disclosed. A further study of 
these differences in ratio and amount of metabolites is of manifest interest 
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for the interpretation of the estrogen excretion in human pregnancy. It 
may be suggested from these results that the relatively large production 
of hormones in late pregnancy leads to an altered metabolic course which 
may in turn materially influence the réle of these substances in the ma- 
ternal tissues. Further investigation of these problems is clearly neces- 
sary. 

It would be desirable to compare the results obtained in these studies of 
large doses with the recent report of Pearlman, Pearlman, and Rakoff (4) 
who administered large doses of estrone acetate to pregnant women. While 
these investigators used a deuterium-labeled estrone, their results, unfor- 
tunately, were based upon bioassay of a crude fraction rather than upon 
the isotope. Although an accuracy of +20 per cent is claimed for the 
bioassay, it is clear from the results recorded that very much greater errors 
were encountered. For these and other reasons, including the hydrolytic 
procedure used by these authors, comparison of their results With the 
present study is impossible. 


SUMMARY 


1. After intramuscular and oral administration of large doses of estra- 
diol-178-16-C™ to women, the dynamics of metabolism and excretion were 
studied at daily intervals until the radioactivity had diminished to very 
low levels. Approximately 65 per cent of the radioactivity injected was 
found in the urine; the fecal radioactivity was small in amount. 

2. Further investigations of the hydrolysis of urinary conjugates were 
made and compared with the results obtained after tracer amounts of 
hormone. 

3. Measurement of estrone, estradiol-178, and estriol in the urine from 
each of the first 4 days after the dose was achieved by two methods, iso- 
topic dilution and counter-current distribution. Estrone was the princi- 
pal metabolite during and immediately after either injection or feeding. 
As time after the dose progressed, estriol became the major metabolite 
isolated from the urine. The amount of estradiol-178 was less than that 
of estrone and greater than that of estriol. 

4. The results were compared with those found after a tracer dose, and 
the provisional conclusion was drawn that the difference was a conse- 
quence of the size of the dose rather than of the other variables considered. 


The authors express their gratitude to their colleague, Dr. Leon Hell- 
man, for his cooperation in the studies with patients. We are especially 
indebted for their technical assistance to Mr. Albert Klutch, Mrs. Millicent 
Houde, and Mrs. Rosemarie Lehman. The radioactivity measurements 
in the gas phase were performed by Dr. Maxwell L. Eidinoff of this Insti- 
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tute, to whom we express our thanks for his assistance. Permission to 
administer radioactive isotope was obtained from the Atomic Energy Com- 
mission. 


BIBLIOGRAPHY 


1. Beer, C. T., and Gallagher, T. F., J. Biol. Chem., 214, 335 (1955). 

2. Engel, L. L., Recent Progress Hormone Kes., 6, 335 (1950). 

3. Williamson, B., and Craig, L. C., J. Biol. Chem., 168, 687 (1947). 

4. Pearlman, W. H., Pearlman, M. R. J., and Rakoff, A. E., J. Biol. Chem., 208, 803 
(1954). 


| du 
Ru 
(4) 
Bo 
Th 
thr 
hay 
ant 
ene 
ma 
by 
in 
Bri 
fun 
titi 
der 
lati 
verr 
bee 
Met 
rom 
and 
and 
A 


THE ISOLATION AND CHARACTERIZATION OF 
DERMATITIC COMPOUNDS PRODUCED BY 
MYROTHECIUM VERRUCARIA 


By JOHN P. BOWDEN anv EDWARD J. SCHANTZ 
(From Camp Detrick, Frederick, Maryland) 


(Received for publication, August 10, 1954) 


A number of reports on dermatitic or skin-irritating compounds pro- 
duced by various molds have appeared in the recent literature. Several 
Russian workers, Vertinsky (1), Moseliani (2), Salikov (3), and Drobotko 
(4), have described the poisonous effects of the mold Stachybotrys alternans 
Borod. which produces a disease in horses known as stachybotryotoxicosis. 
The disease is caused by the consumption of hay on which the mold has 
heen growing and is characterized by severe lesions of the nose, mouth, 
throat, and gastrointestinal tract. Ether extracts of cultures of the mold 
have dermatitic properties. Brian, Curtis, and Hemming (5) while han- 
dling large quantities of culture fluid during the isolation of glutinosin, an 
antifungal agent produced by Metarrhizium glutinosum 8. Pope, experi- 
enced severe facial inflammation which was attributed to a volatile der- 
matitic compound produced by the organism. Lesions were also produced 
by dipping small filter paper disks in the culture fluid and strapping them 
in contact with the skin of the forearm for 48 hours. In later studies 
Brian, Hemming, and Jeffreys (6) found that other strains of the same 
fungus and several strains of Myrothectum roridum also produced derma- 
titic compounds. The present report deals with the production of several 
dermatitic compounds produced by Myrothecitum verrucaria and the iso- 
lation and characterization of one of these compounds. The organism M. 
verrucaria (Alb. and Schw.) Ditm. ex Fr. used in these experiments has 
been shown by White and Downing (7) to be identical with the species 
Metarrhizium glutinosum 8. Pope. 


EXPERIMENTAL 


Culture Medium—The medium used for the production of dermatitic 
compounds was a modification of Medium AS described by Brian, Curtis, 
and Hemming (5) and consisted of 50 gm. of glucose, 1.0 gm. of KH2PO,, 
0.5 gm. of MgSO,-7H.2O, 1.0 gm. of (NH4)SO,, | mg. of FeSO,-7H2O, 0.15 
mg. of CuSO,-5H.O, 1.0 mg. of ZnSO,-7H.O, 0.1 mg. of MnSO,-7H.O, 
and 0.1 mg. of KeMo0O, per liter of distilled water. The starting pH of all 
cultures was adjusted to 4.0. 

Aeration and the addition of certain organic acids to the culture medium 
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were found to increase the yield of dermatitic compounds considerably 
(Table 1). Of the organic acids tested the most effective were malic and 
tartaric. The best medium used for the production of the dermatitic com- 
pounds in quantities suitable for isolation, therefore, contained in addition 
to the ingredients mentioned in the preceding paragraph | per cent tar- 
tarie acid and 0.2 per cent malic acid. 

Production of Dermatitic Compounds—FYor \arge scale production of the 
dermatitic compounds, 12 liter batches of medium were prepared and 
placed in 20 liter glass carboys. A typical isolation experiment was car- 
ried out in the following manner. Two 12 liter batches of medium were 
placed in individual glass carboys. The inoculum was prepared by sus- 
pending the spores from a surface culture of the mold (grown on Czapek- 


I 


Effect of Added Organic Acids on Sugar Utilization, pH, and Dermatitic 
Compound Production of Cultures of M. verrucaria 


Acid added (1 per cent) Glucose utilized Final pif Dermatitic compound 
per cont me. per i. 
None... 16 2.5 
Tartaric* 3.8 
Tartaric 76 4.3 a4 
Malic... 70 5.0 5S 
Malonic. §.2 43 
Oxalic 7 7.4 22 


* This series was not agitated during incubation. 


Dox agar in an 8 ounce glass bottle) in 5 ml. of autoclaved distilled water. 
1 ml. of the spore suspension was placed in 100 ml. of medium in a 250 ml. 
Erlenmeyer flask. The flasks were placed in a rotating shaker which oper- 
ated at 100 cycles per minute, and the culture was allowed to grow for 7 
days at 25°. The medium in each carboy was inoculated with 100 ml. of 
this 7 day-old culture. The large cultures were also incubated at 25° and 
were aerated constantly during the incubation period by blowing filtered 
air into the cultures through sintered glass disks. Periodic analyses were 
made on portions of the medium during the growth period to follow the 
progress of dermatitic compound production. 

Analytical Methods— Analytical procedures used for the determination of 
these compounds were based on biological activity, ability to absorb ultra- 
violet light, and chemical properties. The biological assay was carried out 
by allowing 0.1 ml. of alcoholic solution to dry on a rabbit’s skin from 
which the hair had been removed with a pair of small animal clippers. 
The greatest dilution which would just give a visible lesion in 48 hours was 
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taken as a measure of the quantity of dermatitic substance in the prepara- 
tion. Later studies showed that the minimal quantity of purified active 
compound detected by the bioassay was 0.3 y. A more convenient method 
was found for determining the concentration of the dermatitie substances 
which was simply to measure the ultraviolet light absorption of a diluted 
aliquot of the culture at 263 my. <A third procedure consisted of deter- 
mining the light absorption at 450 my of the reaction product formed when 
diazobenzenesulfonic acid was added to a solution of the active compounds. 
This method was adapted from a procedure by Snell and Snell (8) and was 
carried out by adding | ml. of the reagent to a properly diluted aliquot of 
the culture in | per cent sodium carbonate solution and measuring the 
absorption after 2 minutes. The optical methods, though not specifie for 
the determination of the dermatitie compounds, were found to be suffi- 
ciently selective, when based on the bioassy, to be used as a rapid means 
for determining the concentration of the dermatitie compounds during the 
production and isolation. 

Isolation of Biologically Active Compounds —At the end of 4 weeks when 
the concentration of the active compounds in the carboy cultures had 
reached a maximum, the cultures were filtered and the combined filtrates 
extracted three times with 2.4 liters of ethyl ether. Care was taken during 
this operation to protect the face against burns from volatile dermatitic 
substances by wearing a gas mask. All exposed skin surfaces were covered 
with a barrier cream. The product known as Chemiglov proved satis- 
factory. The ether extract was evaporated under a vacuum and the brown 
gummy residue extracted with 240 ml. of benzene. Benzene was found to 
be a more selective solvent for the dermatitic compounds than ethyl ether, 
but was not used in the initial extraction because of its tendency to form 
emulsions. The benzene was evaporated in vacuo and the residue dis- 
solved in 5 mil. of butyl aleohol. This solution was prepared for a 100 
transfer counter-current distribution in the Craig machine. The solvent 
system used in the Craig machine was composed of 4850 ml. of ligroin 
(b.p. 100-110°), 150 ml. of n-butanol, and 5000 ml. of 0.1 mM acetate buffer, 
pHi 4.0. When the components of this system are mixed, two layers of 
nearly equal volume are produced. A 100 glass tube Craig machine was 
used, each tube containing 40 ml. of each phase of the solvent system. 
Because of the relatively low solubility of the dermatitic compounds in 
the solvent system it was necessary to add the butanol concentrate to 395 
ml. of the system (adjusted to allow for the extra butanol added) which in 
turn was divided into five equal portions and added to tubes 0 through 4 
of the Craig machine. Both phases of the solvent system were added to 
the remainder of the tubes and the counter-current distribution was car- 
ried out in the usual manner at room temperature. 
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At the end of the Craig extraction the amount of dermatitic compound 
in each of the tubes was determined by the diazobenzenesulfonic acid 
method. The distribution of these compounds is presented in Fig. 1. 
The contents of tubes 35 to 50 were chosen for further purification and 
characterization studies, since the distribution of the substance reacting 
with the diazo reagent in these tubes closely resembled the theoretical dis- 
tribution of a single substance. The distribution curves of the compounds 
reacting with the diazo reagent in tubes 0 to 20 and 70 to 99, however, 
were too wide to fit the calculated distribution curves of single substances; 
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TUBE NO. 
Fic. 1. Distribution of dermatitic compounds in the Craig machine. Absorption 
measurements were made at 450 my of the colored compound formed on addition of 
diazobenzenesulfonic acid. 


hence further resolution of these mixtures would be necessary before char- 
acterization studies could be carried out on the pure compounds. High 
dermatitic activity was found only in tubes 35 to 50 and 70 to 99. 

The dermatitic compounds present in other cultures of .W. verrucaria 
when subjected to the fractionation procedure described above were found 
to produce Craig distribution patterns which varied to some extent from 
the one given in Fig. 1, but in all cases two or more compounds were de- 
tected. The partition coefficients of each of these compounds, however, 
seemed to fall close to one of the following values: 0.1, 0.9, 4.0, and 11.0. 

In the typical experiment described above, the contents of tubes 35 to 
50 were combined, the solvents were removed by vacuum distillation, and 
the remaining material was extracted three times with 200 ml. of ether. 
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The ether extracts were combined and the solvent was removed by evapo- 
ration in vacuo. The residue, an oily liquid, weighed 280 mg. When this 
residue was lyophilized from 20 ml. of benzene, a white microcrystalline 
residue was produced. 

Characterization of Crystalline Compound—The crystals melted at 38°. 
An alcoholic solution of the compound had a specific rotation of fa}?? +94°. 
The compound consisted solely of carbon, hydrogen, and oxygen. No 
nitrogen, sulfur, phosphorus, or halogen was found on analysis, and no ash 
was produced on combustion. The molecular weight as determined by 
freezing point depression of a benzene solution was 270 + 15. The mo- 


PERCENT TRANSMISSION 


2 4 6 8 10 i2 14 
WAVE LENGTH IN MICRONS 


Fic. 2. Infra-red spectrum of the dermatitic compound isolated from tubes 35 
through 50 of the Craig machine. 


lecular formula CysH..O, fits best the molecular weight determination and 
the analyses. 


CisH (266.3). Calculated, C 67.6, H 8.3; found, C 68.1, H 8.4 


Analysis for methoxy groups revealed that none was present. Methyl- 
ation of the compound was accomplished in the following manner. 5 ml. 
of a 2 per cent ether solution of diazomethane were added to 8.9 mg. of 
the compound in 1 mil. of ethyl aleohol. The solution was stored at 5° 
for 24 hours after which the solvents were evaporated and the sample was 
reweighed. A gain in weight of 1.24 mg. was noted which is equivalent 
to the addition of about three methyl! groups. 

The dermatitic compound was very soluble in chloroform, benzene, etha- 
nol, methanol, butanol, and ether, but considerably less soluble in water, 
ligroin, and carbon tetrachloride. The compound was weakly acidic, since 
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it could be extracted into aqueous solutions at pH 11 but not at pH 8. 
Decomposition as observed by loss of dermatitic activity and discoloration 
took place rapidly above pH Ll. The compound reacted readily with di- 
azobenzenesulfonic acid to give a yellow color. It also produced a bright 
red color in the Liebermann nitrous acid reaction (9) but failed to form a 
colored complex with ferric chloride in methanol in concentrations as high 
as 1 mg. perml. Millon’s test ((9) p. 134) and the titanous chloride test 
of Weygand and Csendes (10) were negative. 

An aqueous solution (pH 6.5) of the compound absorbed in the ultra- 
violet with a single maximum at 263 my (e = 7740). A dried film of the 
compound was prepared on a silver chloride plate for infra-red absorption 
studies which were carried out with a Perkin-Elmer spectrophotometer 
model 12C. Major absorption peaks occurred at the following wave- 
lengths: 3.0, 3.5, 5.85, 10.4, and 12.3 uw (Fig. 2). 

Similar Compounds Present in M. verrucaria Cultures—Another com- 
pound isolated from a different batch of culture filtrate had a partition co- 
efficient of 0.12 in the liquid counter-current distribution system. Upon 
fractionation the compound was distributed in the Craig machine relatively 
free of other overlapping substances. It was isolated as a yellow oil, and 
the yield per liter of culture was 1.4 mg. The compound had very little 
dermatitic activity and an alcoholic solution had no optical rotation. Like 
the first compound it contained only carbon, hydrogen, and oxygen, but 
the carbon content, 58.1 per cent, was appreciably lower than that of the 
more active compound. The molecular weight was determined as 253 + 
10. The ultraviolet and infra-red spectra of the two compounds were very 
similar. 

At least two more compounds were detected in M. verrucaria culture 
filtrates which have distribution coefficients in the two phase solvent sys- 
tem near 4 and 10, These compounds have not been isolated, although 
mixtures of crystals have been obtained. Preliminary studies have shown 
that these compounds have higher molecular weights and greater optical 
rotation than the compounds previously described. They also possess 
high dermatitic activity. 


DISCUSSION 


According to the analytical data presented for the first crystalline der- 
matitice compound described, a likely explanation for the weakly acidic 
properties is the presence of a phenolic structure. The hydroxyl group ts 
strongly indicated by the infra-red absorption at 3.0 yw. NIT structures 
which also show a maximum in this region can be eliminated because of the 
absence of nitrogen in the compound. The maximum at 3.5 uw can most 
probably be attributed to CH structures, while the peak at 5.85 u is most 
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often associated with the C=O double bond. In view of the weakly 
acidic properties of the compound it seems more likely that this structure 
can be attributed to an aldehyde, ketone, or ester group than to a carboxy! 
group. Ester groups are probably somewhat less likely to be present than 
aldehyde or ketone groups, since the ester maximum in this region usually 
falls closer to 5.75 than 5.85 uw. In general the infra-red spectrum, includ- 
ing the maxima at 10.4 and 12.3 g, is quite characteristic of aromatic or 
alkene structures. The aromatic nature of the compound is confirmed by 
the positive Liebermann reaction and the production of a yellow color with 
diazotized sulfanilic acid. If the compound is phenolic in nature the ab- 
sence of color production in the presence of ferric chloride indicates poly- 
substitution on the aromatic ring. The positive diazotized sulfanilic acid 
and Liebermann reactions indicate an unoccupied para position, while the 
negative Millon’s test is characteristic of di-o- and di-m-substituted phe- 
nols. The negative titanous chloride test reveals the lack of *o-quinone 
structures. In spite of the evidence for an aromatic ring, the ratio of 
hydrogen to carbon atoms in the molecular formula C);H..O, is too great 
to permit a completely aromatic structure to be written for the compound; 
thus a partially aliphatic structure must be considered. 

The skin-irritating compounds of poison ivy, which possess aromatic 
rings, hydroxy! groups, aliphatic side chains, as well as dermatitic activity, 
also represent an interesting series. These and other natural products of 
similar chemical and biological properties have been reviewed by Wasser- 
man and Dawson (11). 


SUMMARY 


At least three compounds possessing high dermatitic activity have been 
produced by culturing the organism Myrothecium verrucaria (Alb. and 
Schw.) Ditm. ex Fr. One of these compounds has been isolated in crystal- 
line form and its molecular formula determined as Cy,H.2Oy. Another com- 
pound produced by the mold and isolated as a yellowish oil had low biologi- 
cal activity but was chemically and spectrophotometrically similar to the 
active compounds, 


The authors are indebted to Dr. Edwin V. Hill and to Dr. James D. 
Mold for suggestions on the problem, to Dr. P. W. Brian of Butterwick 
Laboratories, Welwyn, Herts, England, for supplying the organism, to Dr. 
Benjamin Warshowsky of Camp Detrick and Mr. Erna J. H. Rhodes of 
the Army Chemical Center for analyses, and to Dr. George 8S. Melville 
and Mr. Edward J. Weneck of Camp Detrick for infra-red spect rophoto- 
metric determinations. 
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THE CONVERSION OF FRUCTOSE-1-C" AND SORBITOL-1-C" 
TO LIVER AND MUSCLE GLYCOGEN IN THE RAT* 


By H. G. 


(From the Department of Plant Biochemistry, College of Agriculture, 
University of California, Berkeley, California) 


(Received for publication, September 21, 1954) 


It has been previously demonstrated (1, 2) that the metabolism of frue- 
tose in rat liver extracts involves the cleavage of fructose-1-phosphate to 
two 3-carbon fragments. If the same mechanism operates in vivo, the 
glycogen formed in the liver after administration of fructose-1-C™ to the 
intact rat should have C' mainly in C-1 and C-6 of the glucose units. A 
similar distribution of C™ in liver glycogen can be expected after adminis- 
tration of sorbitol-1-C'™. Blakley (3) has shown that this polyalcohol is 
oxidized to fructose in liver extracts by a corresponding dehydrogenase; 
indirect evidence also indicates that in the intact animal fructose rather 
than glucose is formed from sorbitol. ‘The paper by Stetten and Stetten 
(4) gives a more complete discussion of this problem. 

On the other hand, Cook and Lorber (5) have shown that glycogen 
formed in liver and muscle after injection of glucose-1-C™ contains the 
major proportion of the radioactivity in C-1, the rest being more or less 
uniformly distributed among the other 5 carbon atoms. 

In the present report, experiments are described in which 1-C"*-labeled 
fructose, glucose, and sorbitol were injected into rats and the isotope dis- 
tribution patterns of the liver and muscle glycogen were determined. 

Since direct utilization of fructose by muscle is known to be slow (6), it 
is uncertain whether the labeled glycogen formed by this tissue when C"- 
fructose is given to the rat arises directly from the fructose or whether it 
is derived from radioactive glucose newly formed from fructose in the liver. 
This conversion complicates the interpretation of data obtained with 
muscle. In order to obviate this difficulty, experiments have been carried 
out with isolated rat diaphragm. The uptake of fructose by this prepa- 
ration was previously shown by Haft et al. (7) and by Mackler and Guest 
(8) to be increased by the addition of insulin. 


* This work was supported in part by a research contract with the United States 
Atomic Energy Commission and by a grant from the Corn Industries Research Foun- 
dation. 

t Fellow of the Rockefeller Foundation, 1953-54, and Chercheur Qualifié du 
Fonds National de la Recherche Scientifique, Belgium. Present address, Depart- 
ment of Physiological Chemistry, University of Louvain, Louvain, Belgium. 
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Methods 


Materials—Fructose-1-C' and glucose-1-C' were prepared by a method 
previously described (9). Sorbitol-1-C'™ was obtained by reducing 50 mg. 
of glucose-1-C™ with Raney nickel according to Karabinos and Ballun 
(10). The yield of sorbitol was small (less than 20 per cent of the theo- 
retical yield) because most of it could not be eluted from the catalyst. 
The sorbitol-1-C' was separated from a small amount of radioactive con- 
taminant by chromatography on a sheet of Whatman No. 1 filter paper 
(57 X 47 cm.) with water-saturated phenol (11) as solvent. The labeled 
sorbitol was located by exposing the dry sheet to x-ray film and was then 
eluted with water. By two-dimensional paper chromatographic analysis 
in water-saturated phenol and in butanol-acetic acid-water solvents (11), 
the product was shown to be free from any radioactive contaminants. 
Uniformly labeled fructose, prepared photosynthetically (12), was con- 
tributed by Dr. E. W. Putman. 

Experiments with Intact Rats——Adult male rats of the Long-Evans strain, 
weighing between 200 and 270 gm., were used. After fasting for 24 hours, 
these animals received 1.5 ml. of a 50 per cent glucose solution by stomach 
tube. 20 minutes later they were given an intracardiac injection! of 20 
mg. of the radioactive compound as a 5 per cent solution. The animals 
were killed by decapitation | or 3 hours after the injection. The liver and 
the carcass were digested separately in hot 30 per cent KOH and the glyco- 
gen was precipitated by addition of 1.2 volumes of 95 per cent ethanol. 
The crude glycogen was dissolved in hot water, separated by centrifuga- 
tion of any insoluble material, and reprecipitated. This procedure was 
repeated again. The final glycogen solution was dialyzed against distilled 
water overnight and hydrolyzed with 0.06 N H2SO, at 100° for 3 hours. 
The acidic solution was neutralized with barium hydroxide and separated 
from the barium sulfate precipitate by centrifugation. It was finally 
treated with charcoal and passed over a column containing a mixture of 
anion and cation exchange resins (Duolite A-4 and Amberlite IR-120). 

Before dialysis an aliquot of the glycogen solution was mounted on an 
aluminum plate and its radioactivity determined with a thin end window 
Geiger tube. 

Experiments with Isolated Rat Diaphragm—Normally fed rats were killed 
by decapitation and the diaphragm was excised and immersed for 10 min- 
utes in ice-cold Krebs-Henseleit bicarbonate buffer (13) previously satu- 
rated with 95 per cent oxygen-5 per cent carbon dioxide. From two to 
four pieces were obtained from each hemidiaphragm. Each piece was 
blotted dry, weighed, and placed in the center well of an Erlenmeyer flask 
having a double compartment (14). The incubation was done in a small 


! Kindly performed by Dr. R. Hill of the Department of Physiology. 
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volume (0.25 or 0.5 ml.) of the Krebs-Henseleit bicarbonate buffer con- 
taining 200 mg. per cent of radioactive fructose. When insulin was used, 
1 unit of amorphous Novo insulin was added. The flasks were aerated 
with 95 per cent oxygen-5 per cent carbon dioxide, closed with a rubber 
cap, and shaken for 2 hours in a water bath at 37°. 0.5 ml. of 1 N acetic 
acid was then injected into the center well through the rubber cap and 1 
ml. of 1 N NaOH into the main compartment of the flask. After allowing 
half an hour for COs absorption, the diaphragm pieces were blotted, 
washed, and digested with 0.5 ml. of hot 30 per cent KOH. 0.2 ml. of 10 
per cent NasSO, was added and the glycogen was precipitated in 60 per 
cent ethanol, isolated by centrifugation, and redissolved in 1 ml. of water. 
This procedure was repeated twice. An aliquot of the solution was evapo- 
rated on an aluminum plate and assayed for radioactivity. The total 
amount of CO. was determined by back-titration of the NaOH in the 
presence of BaCl.. The specific activity of the resulting barium carbonate 
was determined by plating the salt on aluminum disks and assaying as 
before and correcting for mass absorption. 

Degradation of Glucose—Glucose was degraded by fermentation with 
Leuconostoc mesenteroides according to a modification of the procedure of 
Gunsalus and Gibbs (15). In this fermentation, glucose yields quantita- 
tively CO, from carbon atom 1, ethanol from carbon atoms 2 and 3, and 
lactate from carbon atoms 4, 5, and 6. 

80 mg. of glucose were incubated at 30° with the amount of washed cells 
required to complete the fermentation in about 40 minutes. The incu- 
bation was done under reduced pressure in order to favor the diffusion of 
the CO, to the center well containing the NaOH. After 1 hour the cells 
were removed from the incubation mixture by high speed centrifugation. 
The ethanol was recovered by distillation and oxidized to acetate by heat- 
ing for 10 minutes on a steam bath in 8 Nn sulfuric acid in the presence of 
100 mg. of potassium dichromate. The non-volatile fraction was concen- 
trated to about 0.5 ml. and mixed with 20 times its weight of anhydrous 
KHSO,. The resultant dry salt was packed in a glass tube and the lactic 
acid was extracted by 50 ml. of ether. Lactate and acetate were degraded 
according to Katz, Abraham, and Chaikoff (16). For total combustion 
of glucose, alcohol, or acetate, potassium persulfate was used according 
to Katz, Abraham, and Baker (17). Each of the 6 carbon atoms, as well 
as carbon atoms 2 and 3 together (alcohol) and 5 and 6 together (acetate), 
was converted to barium carbonate and C'! was estimated. 


Results 


Experiments with Intact Animals—Data on the recovery of C™ in the 
glycogen of rat liver and muscle after administration of C'™-labeled sugars 
and sorbitol are presented in Table I. The distribution patterns of C™ in 
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glycogen formed by the rat from various precursors are given in Table II. 
Both liver and muscle glycogen formed from fructose-1-C"™ contained most —__ tr 
of the radioactivity in the terminal carbon atoms, with about twice as | 


TaBLe I 
("4 Recovery in Glycogen after Administration of Labeled Carbohydrates 4 
to Rats 
| | cent of ml 
E | D | recovered in 
No. periment! Liver | Muscle 
| _ glycogen glycogen 
| hrs gem oper cent | per cent 
Fructose-1-C“ |§ 1.3 10° {| 1 | 200 | 5.6 
2 | 2.0 | 7.5 
§ | Sorbitol-1-C* ( 2.5105 | 1 | 2200 | 13.0 4.0 
= 2.5 & 105 3 270 14.6 | 
TaBce Il 
Distribution of Labeling in Liver and Muscle Glycogens in Rats 1 and 3 
Hours after Injection of 1-C"4-Labeled Fructose, Glucose, and Sorbitol 
The results are expressed in per cent of the total radioactivity of the glycogen. 
| Fructose-1-C' Glucose-1-C'# | Sorbitol-1-C' 
Liver Muscle Liver Muscle Liver Muscle Liver. Muscle Liver | Muscle Liver 
1 (ws 5B 86 95.0 65 84 60 57 46 
2 4; 0.9] 7| 2 2\* | 4\* 
3 2; 03] 4] 1 i 2 4 
4 2; 3 | 3 1 0.4 6 1 
6 30, 25 26 4) 7| 2 | 32 |33 | 26 
| —— | —— 
Recovery... 97. 98-9589 100 1009786 
* The brace indicates that the 2 carbons have been counted together after per- I 
sulfate oxidation of the alcohol. 
much in C-1 as in C-6. The labeling patterns of glycogen are virtually ] 
the same in the | and 3 hour experiments. Control experiments showed sy! 
that most of the radioactivity in glycogen derived from glucose-1-C™ was rat 
in C-1, the remainder being distributed among the other 5 carbons without —_ ple 
special localization in C-6. The extent of randomization increased with for 
the duration of the experiment. deg 
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The injection of sorbitol-1-C™ resulted in approximately the same dis- 
tribution of C' as was obtained with fructose-1-C™. 


TABLE III 


Recovery of C'4 in Glycogen and COz Formed from Uniformly C'4-Labeled 
Fructose by Isolated Rat Diaphragm 


0.5 mg. of uniformly labeled fructose, containing 100,000 c.p.m., is present in 0.25 
ml. of the incubation medium. The data are expressed for 50 mg. of tissue. 


Experiment 1 Experiment 2 
Glucose added Insulin 
Glycogen CO2 Glycogen CO2 Glycogen Glycogen 
c.p.m. c. p.m. c.p.m. c.p.m. c.p.m. C.p.m. 
None _ 2260 1520 830 1970 1140 1310 
o + 4100 2680 1380 2300 2820 
0.2% _ 1075 380 
0.2% + 1630 
2% _ 109 370 39 460 10 
2% + 85 370 36 
TABLE IV 
Distribution of C4 in Glycogen Formed from Fructose-1-C'4 in Isolated Rat 
Diaphragm 


Two hemidiaphragms were incubated separately for 2 hours at 37°, without and 
with insulin, in 0.5 ml. of Krebs-Henseleit solution containing 1 mg. of fructose-1-C'4 
(10° ¢.p.m.). When no insulin was added, 30,000 c.p.m. were recovered in the glyco- 
gen; with insulin, 60,000 c.p.m. were recovered. The results are expressed in per 
cent of the total radioactivity of the glycogen. 


Carbon atom | Without insulin | With insulin 
1 90.5 | 94.0 
2 0.5 | 0.5 
3 0.5 | 0.5 
4 0.3 0.7 
5 0.7 0.3 
6 6.0 5.0 


| 98.5 | 101.0 


Experiments with Isolated Rat Diaphragm—Table II] shows that the 
synthesis of glycogen from uniformly C-labeled fructose by the isolated 
rat diaphragm was approximately doubled by insulin and was almost com- 
pletely abolished by glucose when present in a large concentration. The 
formation of CO. was also depressed by glucose, but not to a comparable 
degree. 
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When fructose-1-C™ was used (Table IV), the newly formed glycogen 
contained more than 90 per cent of the total radioactivity in C-1, and a 
small but significant amount of the label in C-6. Apparently insulin did 
not affect the distribution pattern. 


DISCUSSION 


The finding that the glycogen formed in liver and muscle from glucose- 
1-C™ contains most of the isotope in position 1 confirms the data of Cook 
and Lorber (5) and provides a strong indication that glucose is built into 
the glycogen molecule essentially as an intact 6-carbon unit. 

In contrast with glucose, fructose-1-C™ and sorbitol-1-C™ give rise, in 
the intact animal, to glycogen labeled in C-1 and C-6. The similarity be- 
tween the results obtained with fructose and sorbitol is easily explained if 
it is admitted that the first step of the metabolism of sorbitol is an oxi- 
dation to fructose by the dehydrogenase described by Blakley (3). Fruc- 
tose-1-C" itself could be converted to fructose-6-C™ by way of mannitol. 
However, the metabolic inertness of this substance renders such a mecha- 
nism extremely unlikely and it may safely be concluded that a large frac- 
tion, at least of the fructose incorporated into liver and muscle glycogen 
in the intact animal, undergoes a preliminary splitting of the molecule into 
smaller fragments, very probably two 3-carbon units. 

Applied to liver, this conclusion is in agreement with the data of Hers 
and Kusaka (1), who have shown fructose to be metabolized in liver ex- 
tracts by the accompanying pathway. 


Fructose glucose-6-phosphate 


(phosphohexose isomerase) | 


(Fructokinase) | + ATP fructose-6-phosphate + HPO, 


(hexosediphosphatase) 
v 
Fructose-1]-phosphate fructose-1,6-diphosphate 


— 


Glyceraldehyde + dihydroxyvacetone phosphate glyceraldehyde phosphate 


(triosephosphate isomerase) | 


+ ATP 


(triokinase) 


This scheme provides a means whereby fructose-1-C™ can give rise to 
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glucose or glycogen labeled in C-1 and C-6, since it involves the formation 
of 3-C'-dihydroxyacetone phosphate, which can be converted to 3-C"- 
glyceraldehyde phosphate by the action of triosephosphate isomerase. It 
does not, however, allow any quantitative prediction to be made as to the 
relative radioactivity of the 2 carbons. In the event of a very slow triose- 
phosphate isomerase reaction, most of the isotope would remain in carbon 
1 of the resulting hexoses, whereas complete equilibration would be ex- 
pected if the isomerization occurred sufficiently rapidly. The latter 
possibility is, however, rendered very unlikely by the results of Schambye 
et al. (18) who have found glycerol-1-C™, which is believed to be metabo- 
lized via dihydroxyacetone phosphate, to give rise to glycogen labeled 
predominantly in carbon atoms 3 and 4, with 1.4 to 2.4 times more C" in 
C-3 than in C-4. Such asymmetry should be even more favored in the 
present case, since unlabeled glyceraldehyde phosphate is fed into the sys- 
tem from the precursor molecule itself. There is therefore no need to as- 
sume the existence of a second direct pathway to account for the lack of 
isotope equilibration between C-1 and C-6. 

The results obtained on muscle glycogen are much more difficult to in- 
terpret. The animal experiments give little information in this respect, 
since it is not known to what extent doubly labeled glucose, formed in the 
liver from fructose-1-C'™, has contributed to the formation of radioactive 
muscle glycogen. The data obtained with the isolated diaphragm (Table 
III) are consistent with the conclusion of Mackler and Guest (8) that the 
uptake of fructose by this preparation is mediated partly by an unspecific 
hexokinase and partly by fructokinase. The first mechanism, which is 
sensitive to insulin and inhibited by glucose, is believed to yield fructose- 
6-phosphate, whereas the other gives rise to fructose-l-phosphate. Under 
conditions known to favor the first process, fructose-1-C' was found to 
give rise to glycogen labeled predominantly in position 1, with only 5 to 6 
per cent of the radioactivity in carbon 6 (Table IV). It is therefore tempt- 
ing to suppose that this mechanism leads to the formation of glycogen 
labeled exclusively in position | and that the second one alone is respon- 
sible for the appearance of C™ in position 6 of the glycogen. The involve- 
ment of fructose-l-phosphate does not, however, readily explain the 
labeling of carbon atom 6, as it does in liver, since muscle seems to lack 
triokinase and to contain a very active 1-phosphofructokinase (Table V). 
Thus conversion of fructose-1-phosphate to fructose diphosphate by mus- 
cle tissue does not seem to proceed by way of triose phosphates. How- 
ever, the relative slowness of the hexosediphosphatase reaction may make 
it possible for the fructose esters to equilibrate with triose phosphates by 
means of reversible aldolase splittings. 

Whatever the mechanisms involved in these processes, their physiologi- 
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cal significance remains doubtful. As pointed out by Mackler and Guest 
(8), the first is probably rendered largely inoperative by the presence of 
glucose, thus accounting for the lack of effect of insulin on the utilization 
of fructose in vivo. As to the other, although apparently supported by 
the isotope data obtained in the animal experiments, it is probably too 
slow to be of much importance. From what is known concerning the 
metabolism of fructose in the intact animal, it appears more likely that 
most of the labeled glycogen found in muscle after administration of radio- 
active fructose or sorbitol originates from glucose formed in the liver from 
the administered sugars. 

It must finally be pointed out that there is no indication at all, in the 
experiments with glucose-1-C™, of carbon atom 6 of the glycogen being 


TABLE V 
Enzymes Involved in Fructose Metabolism 


Enzyme Liver extract Muscle extract 

Fructokinase (19-22)* Forms fructose -1-phos- Forms fructose-1-phos- 
phate phate 
High affinity for fructose | Very low affinity for frue- 
| tose 

1-Phosphofructokinase (19) Not detected Present 
Triokinase (1) Present Not detected 
Hexosediphosphatase active Very slowly active 


* Bibliographic reference Nos. 
t Hers, H. G., unpublished data. 


more radioactive than carbon atoms 2, 3, 4, or 5. This fact suggests that 
the tissues are incapable of converting glucose to fructose or fructose-1- 
phosphate to a significant extent. The possibility of reversible transfor- 
mations between fructose-1-phosphate and glucose-6-phosphate, by isomer- 
ase or mutase types of reactions, can probably be excluded on these grounds. 


SUMMARY 


1. 1-C'™-labeled fructose, glucose, and sorbitol were injected into rats 


and the distribution of the labeling in liver and muscle glycogen was — 


determined. 

2. The liver glycogen formed from fructose-1-C™ and sorbitol-1-C™ con- 
tained approximately 55 to 60 per cent of the label in C-1 and 30 per cent 
in C-6. Similar values were found for muscle glycogen. In control ex- 
periments with glucose-1-C™, most of the C™ was found in C-1 of the 


glycogen. 
3. These data indicate that fructose is transformed to liver glycogen in 


5 
8 
9 
10. 
12. 
13. 
15. 
16. 
17. 
18. 
19. 
20. 


he 
ig 


1c- 


| 
| 
| 


XUM 


H. G. HERS 381 


vio by the pathway previously demonstrated by Hers and Kusaka (1) to 
occur in vitro, and that sorbitol is first oxidized to fructose rather than to 
glucose in the intact animal. 

4. The formation of glycogen from fructose by the isolated rat dia- 
phragm appears to occur mainly by the initial intervention of an unspecific 
hexokinase when no glucose is present and by that of a specific fructokinase 
when glucose is added. In the intact animal it seems probable that most 
of the glycogen arising from fructose in the muscle is formed after previous 
conversion of fructose to glucose in the liver. 


I wish to thank Dr. W. Z. Hassid for constant interest and — ad- 
vice during the course of this investigation. 
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MANNITOL METABOLISM, A TRANSFERABLE PROPERTY 
OF PNEUMOCOCCUS 


By JULIUS MARMUR®* anp ROLLIN D. HOTCHKISS 


(From the Laboratory of Pathology and Microbiology, The Rockefeller 
Institute for Medical Research, New York, New York) 


(Received for publication, October 25, 1954) 


The process of bacterial transformation offers a unique method of study- 
ing the relationship of the gene to its participation in the production of 
specific enzymes. Avery, MacLeod, and McCarty (1), in their studies on 
transformation in Diplococcus pneumoniae, showed that the transfer of 
heritable characters from a donor strain to a closely related strain was 
mediated by highly polymerized deoxyribonucleic acid (DNA) from the 
donor cells. The evidence that these and other transformations are es- 
sentially equivalent to the transfer of bacterial gene material from one cell 
to another has been presented elsewhere (2). It is reasonable to assume 
that the phenotypic expression of the character introduced into the trans- 
formed cells is due in part to an alteration of a specific enzymatic pattern 
of the cell. The DNA from the donor cell, once established in the genetic 
apparatus of the recipient cell, might be supposed to initiate the formation 
of enzymes related to the transformed property. The finding that the 
ability to utilize mannitol by a mutant strain of D. pneumoniae could be 
transferred to a mannitol non-utilizing strain offered a system amenable to 
enzymatic study. 


Methods 


Materials—The strains of pneumococcus used were rough variants of 
strain R36A (1) derived originally from type Il. The wild type (M-~) does 
not utilize mannitol as a source of energy; the ultraviolet-induced mutant 
(M+) does. 

Cells to be used in respirometer studies or as sources of cell-free extracts 
were grown for 9 to 10 hours with a 7 per cent inoculum in a medium con- 
sisting of 1.0 per cent Bacto-casitone (Difco), 0.5 per cent Bacto-tryptone 
(Difco), 0.5 per cent NaCl, 0.1 per cent Bacto yeast extract (Difco), and 
0.1 per cent sugar or sugar alcohol, and buffered with KeHPO, (0.005 M). 
The cells were harvested by centrifugation at room temperature and 
washed once in 0.85 per cent NaCl. 

The media and methods used in carrying out the genetic transfer of 


* Postdoctoral Fellow of the American Cancer Society, 1953-54. Present address, 
Pasteur Institute, Paris, France. 
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the mannitol-utilizing character are outlined in previous reports (3, 4). 
Briefly, the M~ recipient cells are grown in an albumin-containing growth 
medium treated with appropriate DNA from an M+ donor strain, followed 
5 or 10 minutes later by deoxyribonuclease to stop further action. The 
emergence of M* transformants is recognized by colony formation in a 
selective medium in which mannitol is the principal energy source. The 
medium is based upon a mixture of amino acids, vitamins, mannitol and 
sodium pyruvate, specific agglutinating anti-R globulin, mineral salts, and 
Bacto-tryptone (Difco), and supports continued growth of M* cells but not 
of M~ cells. 

The partially defined medium used to study the adaptation of growing 
cells is similar to that already described (3). Diphosphopyridine nucleo- 
tide (DPN) (Worthington Biochemical) was 75 per cent pure. Reduced 
diphosphopyridine (DPNH) was prepared from it according to the method 
of Ohlmeyer (5). Triphosphopyridine nucleotide (TPN) was obtained 
from the Sigma Chemical Company (TPN ‘80’’). 

Mannitol phosphate and mannose 6-phosphate were prepared according 
to the method described by Seegmiller and Horecker (6) for the chemical 
synthesis of glucose 6-phosphate. In the preparation of the mannitol 
phosphate, the phosphorylation of the mannitol with polyphosphoric acid 
was carried out for 10 hours. Under these conditions the final product 
was chiefly in the monophosphorylated state. Periodic acid oxidation and 
phosphorus analysis indicated that the product was 80 per cent in the form 
of a monophosphorylated primary ester. 

Glucose 6-phosphate, glucose 1-phosphate, glycerophosphate, fructose 6- 
phosphate, fructose 1 ,6-diphosphate, and mannitol were commercial prod- 
ucts. Fructose 1-phosphate synthesized by the method of Pogell (7) was 
provided by Mr. L. C. Mokrasch of the University of Wisconsin. Sedo- 
heptulose 7-phosphate (75 per cent pure) was supplied by Dr. B. L. Hor- 
ecker of the National Institutes of Health. 

Catalase was obtained from the Armour Laboratories. Isomerase and 
yeast alcohol dehydrogenase were kindly supplied by Dr. M. Gibbs of 
Brookhaven National Laboratory. Glucose 6-phosphate dehydrogenase 
(Zwischenferment) was supplied by Dr. B. L. Horecker. Our thanks are 
due to each of the persons mentioned for their generous cooperation. 

Cell-Free Extracts—Cell-free extracts were obtained by grinding washed, 
centrifuge-packed pneumococci with twice their wet weight of ground glass 
in a chilled mortar. After grinding the paste for 5 to 10 minutes, the mix- 
ture was taken up in water and centrifuged in the cold to remove the glass 
and cell débris. The straw-colored supernatant fluid was virtually free of 


whole cells. 
Analytical Methods—Spectrophotometric measurements were made at 
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room temperature with a Beckman model DU spectrophotometer in 1.0 cm. 
cells. Manometric determinations were carried out with the conventional 
Warburg apparatus at 38°. Since hydrogen peroxide accumulates in the 
vessels under aerobic conditions, catalase was added to prevent its toxic 
effects. Protein was determined by the spectrophotometric method of 
Warburg and Christian (8), with a constant determined on bovine serum 
albumin, Fraction V (Armour). 


1500 
a 
1200+ 
© 
2 ¢ DNA from adapted cells 
E 300+ 4 DNA from unadapted cells 

 — L | j 


20 40 60 80 
Micrograms DNA 


Fic. 1. Mannitol transformation by DNA extracted from cells grown in the pres- 
ence and absence of mannitol. 


Results 


Genetic Transfer of Ability to Utilize Mannitol—When partially purified, 
high molecular weight DNA extracted from the mannitol mutant was 
added, under conditions appropriate for transformation, to the wild type, 
mannitol non-utilizing strain, some organisms were transformed with re- 
spect to mannitol utilization. The number of transformed cells could be 
scored quantitatively in a partially defined mannitol medium and shown 
to be dependent on the amount of highly polymerized DNA (Fig. 1). 
There is a direct proportionality at low concentrations and a leveling off at 
higher concentrations of DNA. This might indicate a limited number of 
effective DN A-receptor spots on the bacterial cell which become saturated 
at high concentrations of DNA. Since it had been shown that one of the 
enzymes initiating the metabolism of mannitol is present in mutant or 
transformed cells only when the cells are grown on the sugar aleohol (see 
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subsequent experiments), it was of interest to compare the transforming We 
capacities of mutant cells grown in the presence and absence of mannitol. qu 
Fig. | shows that the DNA extracted from adapted cells has the same mi 
gli 
Adapted ~ nd 
cells ta’ 
10 We 

10° 
g 
3 S 
ped 
10°} 
> 

10* 

10° 
| 

M* 
Time Cir 
Fic. 2. Growth of mannitol-utilizing mutant, M*, in a mannitol medium (3). 
O, inoculum grown in a medium containing glucose as energy source (“‘unadapted ) the 
cells’); @, inoculum grown in a medium containing mannitol as energy source (‘‘pre- 

adapted cells’’). 
me 
transforming activity as comparable amounts of DNA extracted from cells | wit 
grown in the absence of mannitol, as measured on an assay system with 
much lower sensitivity than that usually used (3, 4). por 
Inducible Nature of Mannitol-Utilizing Enzyme System-—The growth 
curve of mannitol-utilizing mutants or transformants in a medium contain- mos 
ing the sugar alcohol as a limiting energy source is dependent on the pre- diz 
vious experience of the inoculating culture, Thus, when the mutant M°* I 
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was grown in a partially defined medium containing mannitol, its subse- 
quent inoculation into a similar medium allowed the cells to continue to 
multiply at an exponential rate (Fig. 2). However, M* cells grown in a 
glucose medium, on inoculation into the mannitol medium, showed a pro- 
nounced lag of 3 to 4 hours before cell division was initiated. Once es- 
tablished, the growth rate of the glucose-grown inoculum (‘‘unadapted’’) 
was the same as that of the mannitol-grown inoculum (‘‘preadapted’’) in 


M cells 
150 glucose 
—a{Unadapted 
M* cells 
120}- 4M glucose 
90+ 
cells 
ucose 
M* cells 
24M glucose 
30 + 
~ 
Minutes 30 60 90 


Time 
Fic. 3. Metabolism of glucose and mannitol by wild type, M>, and mutant cells 
M*, grown on a glucose medium. [Experimental conditions: phosphate buffer, 0.02 
M, pH 7.5; 20 mg. of wet weight cells per flask (about 2 * 10° viable cells); catalase 
40 y; total volume, 1.6 ml.; manometric technique, KOH in the center well; ¢ = 38°. 
Circles, cells; triangles, M* cells; crosses, M~ and cells. 


the mannitol medium. It thus appears that the genetic capacity to use 
mannitol does not lead to optimal utilization of this sugar alcohol until the 
mechanism initiating mannitol metabolism has been induced by contact 
with the substance itself as the limiting energy source. 

Like the ability to grow on mannitol, the ability to metabolize this com- 
pound in the respirometer is dependent both on the genetic endowment 
and the enzymatic state of the cell. Thus, resting cell suspensions of 
neither M>- nor M* previously grown in glucose-containing media will oxi- 
dize mannitol (Fig. 3). However, their oxidation of glucose is very similar. 

Resting cell suspensions of the mannitol-utilizing mutant, M*, do not 
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oxidize mannitol if the cells are grown in the absence of mannitol, although 
they will do so if grown on mannitol. However, when glucose-grown cells 
are added to mannitol in respirometer vessels in the presence of an external 
nitrogen and energy source, enzyme induction by the mannitol can be dem- 
onstrated (Fig. 4). Of all the constituents of refined and complex pneu- 
mococcal growth media so far tried, only a dilution of the relatively com- 


90 
44M mannitol + 
added complex 
(Values for oxida- 
TOP of complex 
subtracted) 
45 
30+ 
mannitol, 
no complex added 
Min. 60 120 160 240 300 


Time 

Fic. 4. Effect of the mannitol and nitrogen supply on mannitol oxidation by glu- 
cose-grown M*. Experimental conditions: phosphate buffer, 0.02 m, pH 7.5; 20 mg. 
of wet weight glucose-grown cells per flask (approximately 3 X* 10° viable cells); 
catalase 40 y; added “‘complex,’’ meat infusion plus neopeptone, 0.2 ml.; total vol- 
ume, 1.6 ml.; manometric technique, KOH in center well; ¢ = 38°. The cells were 
incubated with meat infusion plus neopeptone for 40 minutes in the respirometer 
flask before mannitol was added from the side arm. 


plete mixture, meat infusion plus neopeptone (“‘complex” in Fig. 4), has 
regularly sufficed to allow adaptation in the respirometer. The wild type 
mannitol non-utilizing strain cannot oxidize mannitol even when the cells 
are grown in the presence of mannitol and a small amount of added glucose 
as energy source. 

Products of Mannitol Metabolism by Whole Cells—-When the mannitol mu- 
tant or transformant is grown in the presence of mannitol, the cells readily 
metabolize the sugar alcohol without any detectable lag period. The same 
cells do not oxidize the closely related sugar alcohol, dulcitol (Fig. 5). The 
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data show that, when oxygen consumption had ceased, 4 watoms of oxy- 
gen had been consumed per micromole of mannitol and 3.12 ywatoms of 
oxygen per umole of glucose. If the oxidation of mannitol proceeded via 
a 6-carbon aldose or ketose, it would be expected that the oxygen consumed 
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Fic. 5. Metabolism of glucose, mannitol, and dulcitol by mannitol-grown M*. 
Experimental conditions: phosphate buffer, 0.02 m, pH 7.5; 20 mg. of wet weight 
adapted cells per flask (approximately 2 * 10° viable cells); catalase, 40 y; total 
volume, 1.6 ml.; manometric technique, KOH in center well; ¢ = 38°. 
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would be larger by an amount required to oxidize the sugar alcohol to a 
6-carbon carbonyl compound. 


Thus | watom of oxygen would be required to convert mannitol to mannose 
or fructose. 

The oxygen uptake data show that approximately | extra ywatom of 
oxygen was required to oxidize mannitol presumably through its conversion 
to a 6-carbon carbonyl compound. The most likely oxidation product of 
mannitol is mannose if oxidation occurs at C-1, or fructose if oxidation 
occurs at C-2. 

Studies with Cell-Free Extracts--\n order to investigate more in detail 
the mechanism of mannitol metabolism and the enzymatic changes brought 
about as a result of mutation or transformation to mannitol utilization, 
studies were conducted with cell-free extracts of pneumococci. 

Initial experiments showed that free mannitol was not metabolized by 
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cell-free extracts of mannitol-grown cells. Mannitol oxidation could not 
he detected in respirometer experiments; nor could the reduction of DPN 
or TPN be detected spectrophotometrically. The fact that whole cells 
grown in the presence of mannitol could metabolize mannitol, but that 
cell-free extracts did not, suggested that the mannitol is first phosphory!- 
ated before being oxidized. A mannitol phosphokinase would first be 
expected to convert mannitol to mannitol phosphate, which might then be 
dehydrogenated to form either mannose phosphate or fructose phosphate. 
However, attempts to obtain an active mannitol kinase preparation from 
cell-free extracts of mannitol-grown cells have thus far been unsuccessful. 

‘ell-free extracts from mannitol-grown cells will dehydrogenate mannitol 
phosphate in the presence of DPN. The course of this reaction can be 
followed spectrophotometrically by measuring the absorption at 340 my in 
the spectrophotometer. Difficulties resulting from the presence of sys- 
tems oxidizing reduced DPN in the cell-free extracts could be eliminated 
by the addition of KCN or by purification of the crude extracts. 

A Beckman quartz spectrophotometer was used to follow the activity of 
limiting amounts of mannitol phosphate dehydrogenase. The following 
compounds were pipetted into | em. cuvettes, in a total volume of 3.0 ml: 
250 wmoles of (Tris) buffer, pH 8.5, 20 
umoles of mannitol phosphate, 150 y of DPN, and finally the enzyme 
preparation to be measured; the cuvette was kept at room temperature 
and readings were taken every 30 seconds for several minutes. When 
crude extracts were tested, 40 wymoles of KCN were added to prevent re- 
oxidation of DPNH. 

Partial purification of mannitol phosphate dehydrogenase from cell-free 
extracts of the mutant M* grown in the presence of mannitol was achieved 
as follows: M?* cells grown in mannitol medium were ground with glass and 
extracted with 10 volumes of 0.85 per cent NaCl. After centrifugation for 
20 minutes in the cold at 13,000 r.p.m. in an angle centrifuge, the super- 
natant fluid was collected and 0.2 ml. of 1 wm MnCl, added to each 10 ml. 
of solution. After standing for 10 minutes, the precipitate was centrifuged 
at high speed. The supernatant fluid was dialyzed for several hours 
against distilled water. During the dialysis a precipitate formed which 
was centrifuged off at high speed. The clear supernatant fluid was then 
fractionated with saturated ammonium sulfate, brought to pH 7.5 with 
ammonium hydroxide. The precipitate formed between 50 to 80 per cent 
saturation was collected and dialyzed against distilled water for 2 hours. 
After dialysis, the preparation was treated with alumina gel Cy. For 
each mg. of protein 1.3 mg. of the gel were added in several charges, the 
mixtures were centrifuged, and the precipitates discarded. The super- 
natant fluid of the last Cy treatment yielded an active mannitol phosphate 


de 
er 


tic 
po 
th 
of 


of 
is 
not 
pho 
OXIC 
cou! 
pho 
pho 
deh 
int 


J. MARMUR AND R. D. HOTCHKISS 391 


dehydrogenase which had a specific activity 14 times that of the initial 
crude extract. 

With limiting amounts of mannitol phosphate dehydrogenase, the reac- 
tion follows a zero order course and the rate of reduction of DPN is pro- 
portional to the amount of enzyme added (Fig. 6). 1 unit is defined as 
the amount of enzyme activity which causes an increase in optical density 
of 0.001 per minute at 340 mag. 


3 
T T 


Units of reducing activity 
3 


l 


0.5 1.0 1.5 2.0 
Micrograms protein per ml. 


Fic. 6. Relation of protein concentration to enzyme activity. The conditions of 
the experiment are similar to those described in the text for following the purification 
of the mannitol phosphate dehydrogenase, except that 4 times the amount of DPN 
is added to each cuvette. 


Oxidation of DPNH was also tested in the same system. The action 
of partially purified mannitol phosphate dehydrogenase in either direction 
is specific (Table 1). No reduction of DPN or oxidation of DPNH was 
noted with fructose 1 ,6-diphosphate, mannose 6-phosphate, fructose 1- 
phosphate, or sedoheptulose 7-phosphate. The small amount of DPNH 
oxidation in the presence of glucose 6-phosphate and glucose 1-phosphate 
could be due either to contamination of these substrates with fructose 6- 
phosphate or to the conversion of the glucose phosphates to fructose 6- 
phosphate by enzymes present in the partially purified mannitol phosphate 


dehydrogenase. Small amounts of hexose isomerase have been detected 


in the partially purified extracts from pneumococcus. 
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The pH optimum of mannitol phosphate dehydrogenase in Tris buffer 
is about 9.1 (Fig. 7). The activity of the partially purified extracts at 
various pH levels was determined by measuring the initial rate of reduc- 
tion of DPN at 340 mg. 


Tasie 
Specificity of DPN -Linked Mannitol Phosphate Dehydrogenase 


DPN AE DPNH 


Substrate | Source of enzyme 

Mannitol phosphate .. .. Unadapted cells 0 
Fructose 6-phosphate. 0 
Mannitol phosphate... | Adapted cells 0.325 
a-Glycerophosphate. | | 0 

Fructose 1,6-diphosphate 0 0 
Mannose 6-phosphate _. 0 © 
Sedoheptulose 7-phosphate | 


Experimental conditions: Tris buffer, 0.083 Mm, pH 8.5; DPN, 0.6 mg.; DPNH, 
0.17 mg.; mannitol phosphate dehydrogenase from adapted cells, 100 units; sub- 
strates, 0.0033 mM; total volume, 3.0 ml.; 4 = room temperature; time of enzyme 
action, 5 minutes. 
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pH 
Fic. 7. Effect of pH on mannitol phosphate dehydrogenase. Experimental con- 
ditions are the same as those described in Fig. 6. 
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Oxidation Product of Mannitol Phosphate by Cell-Free Extracts—As has 
t been already noted, the oxidation of mannitol phosphate by partially 
. purified extracts of mannitol-grown pneumococci can be followed spectro- 
| photometrically by measuring light absorption at 340 my. The equi- 
librium of the reaction can, however, be shifted toward the oxidized side 

by the addition of fructose 6-phosphate (Fig. 8). This apparent reversi- 


fructose 6- PO, 


Optical density (A= 340 mz) 


oO 


L 
Minutes 9 10 15 20 25 
Time 

Fic. 8. Effect of fructose 6-phosphate on mannitol phosphate oxidation by manni- 

tol phosphate dehydrogenase. Experimental conditions: Tris buffer, 0.083 mM, pH 
8.5; DPN, 0.6 mg.; mannitol phosphate, 4 wmoles; mannitol phosphate dehydrogen- 
| ase, 1000 units; total volume, 3.0 ml.; ¢ = room temperature. 
| 


bility suggests that fructose 6-phosphate is the oxidation product of man- 
nitol phosphate. Mannose 6-phosphate does not reverse the reduction. 
Fructose 6-phosphate was identified as the oxidation product of man- 
nitol phosphate by coupling the system with purified enzymes of yeast and 
animal origin. The addition of hexose isomerase, Zwischenferment, and 
TPN to the reaction cell allowed conversion of the fructose 6-phosphate to 


glucose 6-phosphate and thence to 6-phosphogluconate, resulting in a re- 
— duction of TPN which can be followed spectrophotometrically at 340 mu. 
| The absorption due to DPNH formed in mannitol phosphate oxidation by 
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pneumococcal extracts could be eliminated by coupling with acetaldehyde 
and yeast alcohol dehydrogenase, which yielded alcohol and reoxidized the 
DPNH. 
Mannitol phosphate + DPN* —> fructose 6-phosphate + DPNH + H° 
Acetaldehyde + DPNH + H* — ethyl aleohol + DPN* 


Fructose 6-phosphate ~» glucose 6-phosphate 
Glucose 6-phosphate + TPN* —> 6-phosphogluconate + TPNH + H’ 


Net reaction: mannitol phosphate + acetaldehyde + TPN* — 6-phos. 
phogluconate + ethyl aleohol + TPNH + H* 


The complete system resulted in a reduction coupled with the enzy- 
matic conversion of mannitol phosphate to 6-phosphogluconate (Table IT). 


TaBLe Il 


Enzymatic Conversion of Mannitol Phosphate to 6-Phosphogluconate 


Observed 3 Exo in 13 min 


Zwischenferment and isomerase 0.060 
mannitol phosphate. . 0 


Experimental conditions: The complete system contained the following sub. 
stances in a final volume of 3.0 ml.: Tris buffer, 0.083 mu, pli 8.5; acetaldehyde, 0.007 
mM; TPN, 200 y; MgCl., 40 umoles; DPN, 75 y; Zwischenferment, 200 y; partially puri- 
fied mannitol phosphate dehydrogenase, 75 units; aleohol dehydrogenase, SO 7; man- 
nitol phosphate, 13 wmoles; / = room temperature. 


The omission of TPN still allowed a small reading due to the fact that the 
reoxidation of DPNH by alcohol dehydrogenase and acetaldehyde is not 
complete. When isomerase and Zwischenferment are omitted, a small 
amount of reduction is noted. This is due to the presence of both these 
enzymes in the partially purified pneumococcus extracts. There is also a 
possibility that the pneumococcal extracts contain transdehydrogenase, 
the enzyme that catalyzes the direct transfer of hydrogen among the vari- 
ous oxidized and reduced pyridine nucleotides. 


DISCUSSION 


Mutations, genetic recombinations, and transformations among micro- 
organisms are generally recognized by the changes brought about in the bio- 
chemical patterns of the altered cell. Asa result of the findings with nu- 
tritional mutants of Neurospora by Beadle and Tatum (9), the concept 
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developed that the function of the gene, besides self-duplication, is that of 
influencing the synthesis of a particular enzyme (10). Transformations 
offer a direct approach to the biochemical study of the gene-enzyme re- 
lationship, since it appears that specific genes are being introduced into 
the recipient cells under controlled conditions (2). 

The ability to utilize mannitol as a source of energy can be transferred 
to wild type, mannitol non-utilizing pneumococcal strains by highly poly- 
merized DNA extracted from the utilizing mutants. The processes of 
both mutation and transformation result in the acquisition by the altered 
cells of the heritable ability to form the enzyme mannitol phosphate de- 
hydrogenase. The enzyme is formed in the mutants or transformants 
only when the cells are grown in the presence of mannitol; it is DPN- 
linked, specific in its action, and dehydrogenates mannitol phosphate to 
form fructose 6-phosphate. The parent strain and non-adapted mutants 
or transformants do not show active dehydrogenase within the limits of 
sensitivity of measurement in the spectrophotometric method. 

The assumption that mannitol is first phosphorylated before being oxi- 
dized is based on the findings that the sugar alcohol is metabolized by 
whole cells, but cell-free extracts can dehydrogenate only the phosphoryl- 
ated form of mannitol. At present it is not known whether the trans- 
formed cell also acquires the ability to form mannitol phosphokinase, since 
it has not yet been possible to extract this enzyme from mannitol mutants, 
transformants, or wild type cells. 

The mannitol transformation system provides a means of distinguishing 
between the rdle of the substrate and the gene in the formation of manni- 
tol phosphate dehydrogenase. Whether or not the potentiality to make 
the dehydrogenase is expressed is determined by the presence or absence 
of mannitol as principal energy source. But either in its presence or ab- 
sence this potentiality persists unchanged in the mutant strain, and is 
transferable from mother to daughter cell by the cellular genetic mecha- 
nisms, or to a non-mutant cell via the DNA in a transformation. The 
fact that DNA extracted from mutant cells either adapted or unadapted 
to mannitol has the same transforming efficiency per unit weight supports 
the classical genetic notions of stability of genes and their predominant 
role in enzyme determination. These findings supply further evidence of 
the relative independence of the genetic constitution from the enzymatic 
constitution, even in a substrate-dependent system. 

The réle of the substrate as inducer of enzyme formation comes into 
play only when the genetic potential, as in the mutant or transformant, is 
available in the cell. The formation of dehydrogenase has thus far been 
induced by mannitol only in the presence of a complex nitrogen source. 
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SUMMARY 


Cells incapable of utilizing mannitol were in part transformed into cells 
with the ability to metabolize this sugar alcohol, by an extract of highly 
polymerized deoxyribonucleic acid (DNA) isolated from a mutant strain 
capable of metabolizing mannitol. As a result of this process, the trans- 
formed cells were able to form at least one new enzyme. This enzyme, 
mannitol phosphate dehydrogenase, is adaptive; 7.e., it is detected in the 
mutant or transformed cells only after exposure to mannitol in the growth 
medium. The enzyme is diphosphopyridine nucleotide-linked and spe- 
cifically dehydrogenates mannitol phosphate to form fructose 6-phosphate. 
In spite of the great difference in enzyme content of substrate-adapted and 
-unadapted mutant cells, their DNA’s are equally effective in bringing 
about the specific transformation, as would be expected of genetic ma- 
terial. 


Addendum—Wolff and Kaplan have recently studied a DPN-linked enzyme sys- 
tem extracted from Escherichia coli cells which reduces fructose 6-phosphate to a 
hexitol monophosphate not fully identified at the time of the preliminary report (11). 
Through the kindness of these workers, it was ascertained that mannitol phosphate 
prepared by us behaves in a similar manner toward the E. coli system, as do reduc- 
tion products prepared enzymatically or chemically and recognized as mannitol 
phosphates in their own work, a report of which will be forthcoming.! 
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THE DESTRUCTION OF I'-LABELED INSULIN BY 
RAT LIVER EXTRACTS* 
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(From the Department of Clinical Science and the Department of Pathology, School of 
Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania) 
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It is generally acknowledged that insulin is destroyed relatively rapidly 
in the intact organism (1-3). It has been demonstrated also that the 
biological activity of insulin is destroyed in vitro by homogenates, extracts, 
and slices of liver (4, 5). This destruction was attributed to an insulin- 
inactivating system which displays many of the characteristics of an en- 
zyme system (4, 6). For the sake of convenience this system-was desig- 
nated as “‘insulinase.”’ 

In previous studies, the insulinase activity of homogenates or slices of 
liver was determined by assaying the hypoglycemic activity of the incu- 
bation mixture before and after a designated period of incubation (4). 
This procedure did not permit the accurate assay of small increments in 
the inactivation of insulin and consequently could not be utilized for studies 
on the mode of action or the specificity of insulinase. With the availa- 
bility of I'*', however, it has become possible to label insulin and to trace 
the fate of the insulin molecule in vivo and in vitro (3, 7-9). Thus it was 
demonstrated that the insulin-inactivating activity of slices of rat liver 
parallels the degradation of the insulin molecule as reflected in an increase 
in the concentration of I'*' in the non-protein fraction of the incubation 
mixture (9). The present study deals with the action of extracts of rat 
liver on labeled insulin and other similarly labeled proteins. 


Method 


Fed male rats, from 150 to 200 gm. in weight, were decapitated, and as 
much blood as possible was drained from the carcass of each animal. The 
liver was removed and immediately homogenized by the Potter-Elvehjem 
technique (10) with 4 volumes of 0.02 N sodium bicarbonate. After cen- 
trifugation for 30 minutes at 18,000 « g and 4°, the supernatant fluid was 
adjusted with m/15 phosphate buffer to the desired pH. Unless other- 
Wise stated, the incubation mixture consisted of 1 ml. of extract plus 1 ml. 
of phosphate buffer containing a designated amount of a mixture of I'*!- 
labeled and unlabeled protein. As a control, 2 ml. of buffer containing 


* Presented in part before the American Chemical Society, New York, September, 
1954. Aided in part by a grant from Eli Lilly and Company. 
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a similar quantity of I'*'-labeled protein were incubated at the same time. 
At the end of the incubation period, 2 ml. of 10 per cent trichloroacetic acid 
were added to the incubation mixture. After centrifugation, but before 
separating the supernatant solution from the precipitate, the radioactivity 
of the total mixture was measured in a well type y counter. Immediately 
thereafter, 3 ml. of the supernatant fluid were transferred to another test- 
tube, and the radioactivity was measured. Both counts were corrected 
for background and coincidence. The amount of protein degraded was 
calculated from the percentage of the total counts of the precipitated mix- 
ture that was found in the non-protein fraction and was expressed as units, 
mg., or mmoles of protein. Appropriate corrections were made for changes 
that occurred in some instances on incubation of the labeled protein with- 
out any extract. 

The I'*' insulin was prepared by subjecting crystalline insulin' which 
assayed 25 units per mg. to the procedure described by Talmage, Dixon, 
Bukantz, and Dammin (11). From 98 to 99 per cent of the I"*' in the 
labeled insulin preparation was precipitable with 10 per cent trichloro- 
acetic acid. The same procedure was utilized to label the following pro- 
teins: pepsin (twice crystallized) ,? chymotrypsin (crystalline, salt-free, from 
bovine pancreas) ,* lysozyme (crystallized three times, from egg white),’ ri- 
bonuclease (crystallized five times),*® human serum albumin,‘ and prolactin 
(6 units per mg.).'. The molecular weights were assumed to be 12,000 for 
insulin, 15,000 for ribonuclease, 34,500 for pepsin, and 33,000 for prolactin. 


Results 


The extract employed in this study was the supernatant solution of a 
homogenate centrifuged at 18,000 « g for 30 minutes and presumably 
free of nuclei and cellular débris. Such an extract inhibits the hypogly- 
cemic activity of insulin (6). This extract produces also a degradation of 
I'*'_labeled insulin, as is reflected in the increase of the radioactivity of the 
non-protein fraction of the incubation mixture (Fig. 1). Likewise, a radio- 
autograph® of the chromatogram of the non-protein fraction of the incu- 
bation mixture reveals that the insulin molecule is disrupted during the 
incubation with liver extract as contrasted with the lack of any effect on 
similarly labeled human serum albumin (Fig. 2). 

It is evident also from Fig. | that with a concentration of 0.4 mg. of 


'We are indebted to Eli Lilly and Company for generous supplies of crystalline 
insulin and for a preparation of prolactin. 

* Purchased from the Worthington Biochemical Sales Corporation. 

* Purchased from Pentex, Inc. 

* Purchased from Armour and Company. 

5 We are indebted to Dr. Arthur Haelig for the radioautographs. 
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insulin per ml. of incubation mixture the degradation of insulin is linear 
during the first 30 minutes of incubation at 37° and pH 7.8. 

The effect of pH on the degradation of insulin by the liver extract is 
illustrated in Fig. 3. If the increase in the radioactivity of the non-protein 
fraction is taken as an index of activity, it is apparent that maximal ac- 
tivity of the system responsible for the degradation of the I"! insulin 
occurs at pH 7.6 to 8.0. 

That the degradation of I'*' insulin is related to the quantity of enzyme 
present in the incubation mixture is revealed when various amounts of 
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Fic. 1. Degradation of I'*!-labeled insulin by liver extract. Per cent of total 
I'*! found in non-protein supernatant fluid after incubation of 1 ml. of liver extract 
plus 1 ml. of phosphate buffer containing 0.8 mg. of I'*! insulin at pH 7.8 and 37° 
for the designated period. 


the centrifuged homogenate are incubated with the same quantity (0.8 
mg.) of I'-labeled insulin at pH 7.8 and 37° for 30 minutes (Fig. 4). Ae- 
cordingly, the rate of release of I’ into the non-protein fraction of the 
incubation mixture under the specified conditions can serve as a measure- 
ment of the quantity of insulinase present. An insulinase unit may be 
defined as that quantity of enzyme which destroys 1 unit of insulin under 
the specified conditions. On that basis, the mean (+ standard error) ac- 
tivity of extracts prepared daily from the livers of individual rats was 
found to be 4.69 + 0.25 insulinase units per ml. of extract containing 
18.5 + 0.3 mg. of protein per ml. 

The effect of substrate concentration on the rate of insulin destruction 
was determined at seven different concentrations ranging from 0.02 to 1.6 
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mg. of I'*' insulin per ml. of incubation mixture. Typical of eight such 
experiments are the data depicted in Fig. 5, where the initial velocities and 
the substrate concentrations are expressed as units of insulin (1 unit = 0.04 
mg.) and plotted according to Lineweaver and Burk (12). Maximal 


Ae 


Insulin Insulin Extract Albumin 
Control and Control and 
Extract Extract 


Fic. 2. Degradation of I'*'-labeled insulin by liver extract. Radioautograph of 
descending chromatogram of trichloroacetic acid filtrates of I'*! insulin, I'*' insulin 
plus liver extract, liver extract alone, and I'*! human serum albumin plus liver ex- 
tract, after incubation at pH 7.8 and 37° for 30 minutes. The filtrates were placed 
along the top of the paper and developed for 24 hours in 2-butanol, 95 per cent eth- 
anol, and 6 per cent ammonia (100:25:35). 


velocity is achieved at a concentration of 10 units per ml. (0.4 mg.) of in- 
cubation mixture. Assuming a molecular weight of 12,000 and expressing 
the initial velocities as the millimoles of insulin destroyed per 30 minutes, 
the mean Michaelis constant, K,, , thus derived equals 8.5 K 10-, which 
is in the general range of values for many hydrolytic systems. 

The effect of temperature on the rate of destruction of insulin is illus- liv 
trated in Fig. 6. It is apparent that the activity rises with each incre- 11 
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ment in temperature until maximal activity is attained at 46°. Above 46°, 
the destruction of insulin falls off markedly, but about 30 per cent of the 
activity is still present at 80°. The mean temperature coefficient is 2.14 
for the range 25-37° and 2.01 for 37-45°. 
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PER CENT OF MAXIMAL ACTIVITY 


0 50 54 58 62 66 70 74 78 82 86 9.0 
pH 
Fia. 3. Effect of pH on degradation of I'*! insulin by liver extract. Incubation 
of 1 ml. of liver extract and 1 ml. of buffer containing 0.8 mg. of I'*! insulin for 30 
minutes at 37° and the designated pH. Phosphate buffer was used for pH 5 to 8.0 
and Veronal buffer for pH 8 to 9. 
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HOMOGENATE - ml. 
Fia. 4. Effect of quantity of liver homogenate on degradation of I'*! insulin by 
liver extract. Various quantities of liver extract diluted to 1 ml. and incubated with 
1 ml. of buffer containing 0.8 mg. of I'*! insulin at pH 7.8 and 37° for 30 minutes. 
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Fic. 5. Effect of substrate concentration on degradation of I'*' insulin by liver 
extract. Incubation of 1 ml. of liver extract plus 1 ml. of phosphate buffer contain- 
ing various quantities of I'*' insulin, pIl 7.8, for 30 minutes at 37°. V = units of 
I'3! insulin degraded in 30 minutes, computed from increase in I'*' in a trichloroacetic 
acid filtrate of incubation mixture. S = units of I! insulin per ml. of incubation 
mixture. 
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Fic. 6. Effect of temperature on degradation of I insulin by liver extract. 
Incubation of 1 ml. of liver extract plus 1 ml. of phosphate buffer containing 0.8 
mg. of I'*! insulin at pH 7.8 for 30 minutes at the designated temperatures. 
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In order to determine the rate of thermal inactivation of insulinase, ex- 
periments were performed in which extracts were heated at various tem- 
peratures for specified periods of time, cooled, and the residual activity 
assayed at 37° for 30 minutes. Fig. 7 illustrates such an experiment, in 
which the insulinase activity is expressed as the per cent of the activity of 
the unheated extract incubated at 37° for 30 minutes. When the extract 
is heated at 56° or higher for 5 or more minutes, approximately 70 per 
cent of the insulinase activity is lost. A longer heating period is required 
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Fic. 7. Thermal inactivation of insulinase. 1 ml. of liver extract was heated at 
the designated temperature for the specified period of time, cooled, and incubated 
with 1 ml. of phosphate buffer containing 0.8 mg. of insulin at pH 7.8 at 37° for 30 
minutes. Data expressed in terms of the activity observed with the unheated ex- 
tract plus insulin incubated at 37°. 


for inactivation of the enzyme at 46°. Essentially no inactivation occurs 
when the enzyme preparation is heated at 40° for 15 minutes. 

The insulinase activity of the rat liver extract is almost completely re- 
moved from solution by precipitation of the proteins through adjustment 
of the extract to pH 4.2. Most of the activity is recovered from the pre- 
cipitate obtained at pH 4.2 by redissolving the latter with 0.02 N sodium 
bicarbonate and adjusting to pI 7.8. For example, an extract with an 
initial activity of 3.73 units of insulinase per ml. (17.1 mg. of protein per 
ml.) was adjusted to pH 4.2, centrifuged, and the precipitate extracted 
with sodium bicarbonate and made up to the original volume. The ac- 
tivity of the solution of the precipitate at pH] 4.2 was 2.9 units of insulinase 
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per ml. (3.4 mg. of protein per ml.), which represents a recovery of 77.8 
per cent. 

The degradation of insulin by rat liver extracts can be inhibited by a 
number of substances. The data in Table I indicate that the addition in 
vitro of small quantities of copper and zinc results in a marked inhibition 


TABLe 
Effect of Inhibitors on Degradation of I'**-Labeled Insulin 
0.8 mg. of labeled insulin incubated with 1 ml. of liver extract, pH 7.8, for 30 
minutes at 37°. Rate of I'* released into non-protein fraction expressed as per cent 
of that released without inhibitor. 


Inhibitor Concentration | Rate 
| M 
5 xX 10-4 4.5 
p-Chloromercuribenzoate.............. | 5 xX 104 | 47.0 
1 x 10° 43.0 


| 


TABLE II 

Comparison of I Released from Labeled Insulin and Other Labeled Proteins 
0.04 mM labeled protein incubated with 1 ml. of liver extract, pH 7.8, for 30 min 
utes at 37°. Rates of release of I'' into non-protein fraction expressed as per cent 
of that released from labeled insulin. 


Substrate Rate 

| 28.6 
Human serum albumin. 0.4 

0 


Chymotrypsin .... 


of insulinase activity. Likewise, the addition of p-chloromercuribenzoate 
and of iodoacetate inhibits the degradation of labeled insulin. 

In order to determine the degree of specificity exhibited by the system 
responsible for the degradation of insulin, the action of liver extracts on 
various labeled proteins was studied (Table 11). Although insulin is de- 
graded to a greater degree than any other protein tested, an appreciable 
degradation of ribonuclease, pepsin, and prolactin occurs under similar 
conditions. The data illustrated in Fig. 8, however, indicate that the sys- 
tem responsible for the destruction of insulin is different from that re- 


Ec) 


8 


I. A. MIRSKY, G. PERISUTTI, AND F. J. DIXON 405 


DESTRUCTION - mM x 


0 2 4 6 
CONCENTRATION- mM x 10° 


Fic. 8. Degradation of various I'*'-labeled proteins by liver extract. Various 
concentrations of labeled insulin, ribonuclease, pepsin, and prolactin incubated with 
1 ml. of liver extract at pH 7.8 at 37° for 30 minutes. Rate of destruction of protein 
calculated from increase of I in a trichloroacetic acid filtrate of incubation mixture. 
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Fig. 9. Effect of added proteins on degradation of various concentrations of I'*! 
insulin by liver extract. 1 mg. each of unlabeled insulin, ribonuclease, pepsin, and 
prolactin added to incubation mixture of 1 ml. of liver extract and 1 ml. of phosphate 
buffer containing various amounts of I'*! insulin incubated at pH 7.8 and 37° for 30 
minutes. Rate of destruction of the labeled insulin computed from the increase of 
I'3t in the trichloroacetic acid filtrate of incubation mixture. 
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sponsible for the degradation of the other proteins. While the maximal 
velocity of insulinase is achieved at a concentration of from 0.02 to 0.03 
mM insulin, the maximal activity of the systems responsible for the destruc- 
tion of ribonuclease, pepsin, and prolactin is not achieved at a concentra- 
tion of 0.08 mm. 

Further evidence for the specificity of the system responsible for the de- 
struction of insulin was gained from studies on the effect of various pro- 
teins on the release of I'*! from I'*!-labeled insulin. Fig. 9 depicts the 
data obtained when 1 mg. of each protein was added to different concen- 
trations of I'*' insulin and incubated with liver extract at pH 7.8 and 37° 
for 30 minutes. A Lineweaver-Burk calculation of these data reveals that, 
while a decrease of active enzymatic sites for the labeled insulin occurs with 
the addition of non-labeled insulin, the addition of ribonuclease, pepsin, 
or prolactin does not influence the velocity of the original labeled insulin 
degradation. 


DISCUSSION 


The data reported herein support the conclusions of previous studies 
that the liver of the rat contains an insulin-inactivating system (insulinase) 
(4, 5, 9). This system apparently inactivates insulin by catalyzing the 
hydrolysis of the insulin molecule by a reaction which essentially follows 
first order kinetics. The enzymatic nature of the insulin-inactivating sys- 
tem is suggested by the pH, temperature, and substrate concentration 
curves. In accord also is the fact that the insulinase activity is precipi- 
tated at pH 4.2. The thermal inactivation experiments suggest that 
either the insulinase is only partially inactivated by heat or that two dis- 
tinct systems are present in the crude preparation, one that is heat-labile 
and the other that is heat-stable. 

In previous studies, the activity of insulinase, as measured by the inac- 
tivation of the hypoglycemic effect of insulin, was shown to be inhibited 
by metals such as copper and by organic compounds such as iodoacetate. 
In accord are the studies reported herein. Consequently, it appears that 
a sulfhydryl group is essential to the activity of the system. Similar con- 
clusions were reached by De Barbieri and Grassi (13) who demonstrated 
that oxidation of the —-SH groups resulted in an inactivation of insulinase 
activity. 

Previous studies revealed that extracts capable of inactivating the bio- 
logical activity of insulin were without any proteolytic effect on denatured 
hemoglobin at pH 7.5, while some tissues rich in proteinases were poor in 
insulinase activity (6). Consequently, it was concluded that the insulinase 
activity of liver extracts or slices is not due to a non-specific proteolytic 
enzyme. The present study reveals that, whereas human serum albumin, 
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lysozyme, and chymotrypsin are not degraded by liver extracts at pH 7.8, 
other proteins of relatively small molecular weight may undergo appre- 
ciable degradation under similar conditions. The data indicate, however, 
that the system responsible for the destruction of insulin is different from 
that responsible for the destruction of ribonuclease, pepsin, or prolactin. 
Accordingly, it would appear that insulinase is a relatively specific enzyme 
which is responsible for the destruction of insulin. Similar conclusions 
were reached by Tomizawa et al. (14) in a preliminary note which appeared 
while this report was in preparation. 


SUMMARY 


The effect of a crude extract of rat liver on the degradation of I'*'-labeled 
insulin was measured by determining the proportion of the protein-bound 
I? which appeared in the non-protein fraction of the incubation mixture 
under specified conditions. Several properties of the system responsible 
for the degradation of I'' insulin, such as pH-activity curves, temperature 
curves, effect of substrate concentration, and rate of thermal inactivation, 
have been described. 

The specificity of the system responsible for the destruction of insulin 
(insulinase) was determined by comparing the effect of the liver extract 
on I'*! insulin with that on similarly labeled ribonuclease, pepsin, prolactin, 
lysozyme, chymotrypsin, and human serum albumin. Under conditions 
which vielded maximal degradation of insulin no appreciable effect on lyso- 
zyme, chymotrypsin, or human serum albumin was noted. Under similar 
conditions, however, an appreciable degradation of ribonuclease, pepsin, 
and, to a lesser degree, prolactin occurred. Studies on the effect of sub- 
strate concentration on the degradation of the different proteins and of the 
addition of these proteins on the degradation of several concentrations of 
insulin indicate that the destruction of insulin is due to a specific system 
(insulinase). 
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CRYSTALLINE TRANSKETOLASE FROM BAKERS’ 
YEAST: ISOLATION AND PROPERTIES* 


By G. pE ta HABA,t I. G. LEDER,{ ann E. RACKER$§ 
(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 


(Received for publication, October 8, 1954) 


The wide-spread occurrence and the réle of an enzyme which catalyzes 
the production of triose phosphate from pentose phosphate have been 
reviewed elsewhere (1-3). This enzyme has been crystallized from yeast 
and has been named transketolase (4). Investigations with this enzyme 
have shown that (a) ribulose-5-phosphate is a substrate cleaved by this 
enzyme; (b) the reaction occurs only in the presence of aldehydes which 
act as acceptors for the ketol group of ribulose-5-phosphate; (c) the prod- 
ucts of the cleavage of ribulose-5-phosphate are glyceraldehyde-3-phos- 
phate and a keto sugar whose nature depends upon the acceptor aldehyde 
present (e.g., in the presence of ribose-5-phosphate a heptulose phosphate 
is formed); (d) the enzyme also catalyzes the decarboxylation of hydroxy- 
pyruvate in the presence of an acceptor aldehyde (e.g.,with glyceralde- 
hyde-3-phosphate as acceptor a ketopentose is formed which appears to be 
ribulose-5-phosphate); (e) the enzyme requires thiamine pyrophosphate 
and magnesium ions for activity. 

It is the purpose of this paper to describe the purification and crystal- 
lization of transketolase from bakers’ yeast, and to report in detail experi- 
ments carried out with the purified enzyme. 


Materials, Methods, and Preparation of Enzymes 


Materials—F ructose-6-phosphate, fructose-1 ,6-diphosphate, adenosine- 
5-phosphate, and yeast nucleic acid were obtained from the Schwarz Lab- 
oratories, pL-glyceraldehyde, pi-glyceraldehyde-3-phosphate, and bromo- 
pyruvic acid from the Concord Laboratories, and protamine sulfate from 
the Nutritional Biochemicals Laboratory. Ribose-5-phosphate was pre- 
pared from adenosine-5-phosphate as described previously (5), and also 
from ribose, according to Michelson and Todd (6). Ribulose-5-phosphate, 
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sedoheptulose-7-phosphate, t-erythrulose o-nitrophenylhydrazone, and 
sedoheptulosan were kindly supplied by Dr. B. L. Horecker. Potassium 
hydroxypyruvate was prepared from bromopyruviec acid (7). DPN! was 
obtained from the Pabst Laboratories, and DPNH was prepared by the 
method of Ohlmeyer (8). TPN of about 80 per cent purity was purchased 
from the Sigma Chemical Company. Glycolaldehyde was prepared from 
dihydroxymaleic acid by the method of Fischer and Taube (9). ThPP 
was obtained from the Merck Laboratories. Glucose-6-phosphate was 
prepared according to the method of Levene and Raymond (10). 

Methods—¥ or the determination of keto sugars, the method of Dische 
and Borenfreund (11) was used. Pentose was determined by the orcinol 
reaction (12), and heptuloses were determined as described by Dische (13). 
Hydroxypyruvate was assayed with DPNH and lactic dehydrogenase. 
Glucose-6-phosphate was determined with TPN and glucose-6-phosphate 
dehydrogenase purified from brewers’ yeast (14). 

Preparation of Enzymes—Seven times recrystallized triosephosphate de- 
hydrogenase free of triose isomerase was kindly supplied by Dr. M. V. 
Simpson. L-a-Glycerophosphate dehydrogenase, aldolase, triosephosphate 
isomerase, and lactic dehydrogenase were prepared as described previously 
(5, 15). 


Assay Method for Transketolase 


The assay is based upon the oxidation of DPNH, followed at 340 mu 
with a model DU Beckman quartz spectrophotometer. In the presence 
of a mixture of ribose-5-phosphate, ribulose-5-phosphate, triosephosphate 
isomerase, and glycerophosphate dehydrogenase, the oxidation of DPNH 
follows the kinetics of a zero order reaction on addition of limiting amounts 
of transketolase. A unit of enzyme is defined as that amount of enzyme 
which gives an optical density change of 0.001 per minute under the condi- 
tions of the assay. Specific activity is expressed as units of enzyme 
activity per mg. of protein. Protein concentration was determined spec- 
trophotometrically (16); in the presence of nucleic acid the biuret test was 
used (17). As seen in Fig. 1, proportionality between enzyme concentra- 
tion and activity was obtained. 

Procedure—Into a quartz micro cell with a 1 cm. light path the following 
reagents were pipetted: 0.6 ml. of distilled HO, 0.05 ml. of 0.5 m glycyl- 
glycine buffer, pH 7.6, 0.05 ml. of 0.002 m DPNH, 0.05 ml. of crude glycero- 
phosphate dehydrogenase (10 mg. per ml.), 0.05 ml. of the ammonium 


! The following abbreviations will be used in the text: DPN, diphosphopyridine 
nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPN, triphosphopyridine 
nucleotide; ThPP, thiamine pyrophosphate; HDP, fructose-1,6-diphosphate; TK, 
transketolase; EDTA, ethylenediaminetetraacetate (Versene). 
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salt of isomerase product solution (see below), 0.05 ml. of 0.1 per cent 
ThPP, 0.05 ml. of 0.06 m MgCl, and finally 0.05 ml. of a transketolase 
solution containing 500 to 1000 units per ml. Due to the presence of 
traces of transketolase in the muscle preparation, readings are taken every 
30 seconds for several minutes before the addition of transketolase, and 
the blank observed is subtracted from the activity obtained upon the 
addition of transketolase. 


0,05 


| 


A Log +*per minute 


| 
0.02 0.04 0.06 
ML.OF ENZYME SOLUTION 


Fic. 1. Proportionality between activity and concentration of transketolase. 
The details of the assay are described under ‘‘Assay method for transketolase.”’ 


Preparation of Pentosephosphate Isomerase and Isomerase Product 
Pentosephosphate Isomerase 


A crude bakers’ yeast extract was fractionated with acetone as described 
below for the preparation of transketolase to obtain Acetone Fraction II 
(33 to 50 per cent acetone). This fraction was suspended in 100 ml. of 
distilled water and dialyzed at 0° against 25 to 50 volumes of distilled 
water for 12 hours, the water being changed once during the process. 
The preparation was then centrifuged at 18,000 < g at 5°. The super- 
natant solution was diluted 1:5 with distilled water at 60°, and the 
temperature of the mixture was rapidly brought to 60° and maintained 
there for 25 minutes. After cooling to 5-10° and centrifuging at 5°, 29 
gm. of ammonium sulfate were added per 100 ml. of supernatant fluid at 
5°. The suspension was centrifuged and the precipitate discarded. To 
every 100 ml. of supernatant fluid 16.7 gm. of ammonium sulfate were 
added, the suspension was centrifuged, and the precipitate dissolved in 
50 ml. of distilled water. This preparation of isomerase was now virtually 
free of transketolase and was stored at —20°. Before use it was dialyzed 
against cold distilled water until free of sulfate. 

Isomerase Product—The equilibrium mixture of ribose-5-phosphate and 
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ribulose-5-phosphate (isomerase product) was prepared as follows: | gm. 
of the barium salt of ribose-5-phosphate was dissolved in 10 ml. of 0.1 N 
HCl. This solution was heated in a boiling water bath for 4 minutes, 
cooled, and the Ba*+ removed with a slight excess of ammonium sulfate. 
The solution was neutralized to pH 7.6, 4 ml. of dialyzed isomerase were 
added, and the volume made up to 20 ml. with water. The mixture was 
incubated at 38° and the formation of keto sugar was followed by the 
carbazole reaction until no further increase in ketopentose was noted. 
About 2 to 3 hours were usually required for completion of the reaction. 
3 ml. of 50 per cent trichloroacetic acid were then added, and, after centrif- 
ugation, the supernatant fluid was adjusted to pH 8.0, 5 ml. of 1 m barium 
acetate were added, and the mixture was centrifuged. The precipitate 
was washed with water, the washings and supernatant fluid were com- 
bined, and 4 volumes of 95 per cent ethanol were added. After 2 to 3 
hours at 0°, the precipitate was collected by centrifugation, washed once 
with absolute ethanol, and dried in a vacuum desiccator. The barium salt 
was stored in a desiccator at 2°. A solution of the ammonium salt was 
prepared by treating a 3 per cent solution of the barium salt with a slight 
excess of ammonium sulfate and removal of the barium sulfate by centrif- 
ugation. The solution, adjusted to pH 6.5, could be stored at —20° for 
several days. 

Oxidation of Isomerase Product with Todine—To 3 ml. of the solution of 
the ammonium salt of isomerase product, 5.8 ml. of 0.1 N iodine were 
added. Then 0.1 ~ NaOH was added until a pH of 8.5 was reached, and 
the pH was then maintained at 8.5 by addition of alkali over a period of 
40 minutes, at which time the rate of acid production was very slow. 1.5 
ml. of 1 m barium acetate and 4 volumes of 95 per cent ethanol were then 
added. The suspension was stored at 0° for 1 hour and then centrifuged. 
The precipitate was washed twice with 95 per cent ethanol and once with 
ether, and stored in a desiccator at 2°. According to a carbozole assay of 
this material, no loss of the ketopentose occurred during the oxidation. 


Preparation of Crystalline Transketolase from Bakers’ Yeast 


Dried bakers’ yeast was used as starting material. This was prepared 
by crumbling and spreading fresh 1 pound cakes between sheets of paper 
and drying at room temperature for a period of 4 days. The dried yeast 
was kept at 5° in stoppered bottles. 

300 gm. of dried bakers’ yeast were extracted with 900 ml. of 0.066 Mm 
disodium phosphate with occasional stirring at 37° for 2 hours. The 
extraction was continued at room temperature for an additional 3 hours, 
and an extract was obtained by centrifuging at 3000 r.p.m. for 80 minutes. 
(Assays of transketolase in the crude extract by the method outlined above 
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are inaccurate and represent approximate values.) The residue was re- 
extracted (after storage at 0° overnight) with 600 ml. of 0.066 m disodium 
phosphate at 37° for 2 hours and at room temperature for 1 hour. The 
extract obtained after centrifugation was adjusted to pH 6.5 before pro- 
ceeding to acetone fractionation. Yield and specific aetivity of trans- 
ketolase in the second extract were as good as or better than in the first 
extract. 

Acetone Fractionation—0.5 volume of ice-cold acetone was added to the 
crude extract at —2° in a dry ice-aleohol bath. The mixture was centri- 
fuged for 15 to 20 minutes at —2° and the precipitate discarded. To the 
clear supernatant solution another 0.5 volume (per volume of original 
extract) of acetone was added, and the precipitate collected by centrifuga- 
tion and dissolved in 100 to 150 ml. of cold distilled water. After dialysis 
for 12 hours at 5° against 25 to 50 volumes of distilled water, the precipitate 
was removed by centrifugation. 

Alcohol Fractionation—The pH of the supernatant solution was adjusted 
to 6.5 to 6.6 with LN acetic acid. An equal volume of 95 per cent ethanol 
was added over a period of about 30 minutes, the temperature of the mix- 
ture being kept at —6° in a dry ice-alcohol bath. After centrifuging at 
—6°, the supernatant solution was discarded. The precipitate was sus- 
pended in 60 ml. of water and left at room temperature for 10 minutes. 
After centrifuging in the cold, the precipitate was discarded. The super- 
natant solution was refractionated with alcohol as above (at pH 6.5 to 
6.6) to a final concentration of 25 per cent. After centrifuging at —6°, 
the precipitate was dissolved in 20 ml. of water (Alcohol Fraction II). 

Nucleic Acid Fractionation—The pH of Alcohol Fraction II was adjusted 
to 5.5 with 0.1 N acetic acid at 5-10°, centrifuged at 0°, and the pre- 
cipitate discarded. To the supernatant solution (at pH 5.5) 0.39 ml. of 
5 per cent sodium nucleate was added for every 100 mg. of protein. After 
adjusting the pH to 5.0 with 0.1 N acetic acid, the mixture was centrifuged 
at 0° and the supernatant fluid discarded. The protein nucleate precipi- 
tate was dissolved in 10 ml. of water by cautiously adjusting the pH to 
7.2 with 0.1 nN NaOH at 5-10°. The protein solution was diluted to con- 
tain 20 to 25 mg. per ml. The pH was adjusted to 5.3 to 5.4 with 0.1 N 
acetic acid, the mixture centrifuged at 0°, and the precipitate dissolved in 
5 ml. of water by adjusting the pH to 7.2. The supernatant solution was 
adjusted to pH 5.0, centrifuged at 0°, and the precipitate dissolved in 5 
ml. of water by adjusting the pH to 7.2. These two fractions were assayed 
for transketolase activity, most of which was usually in the precipitate at 
pH 5.3. Transketolase is stable for weeks at this point if kept at 5°. 

Removal of Nucleic Acid with Protamine Sulfate—The protein nucleate 
solution was adjusted to pH 6.7. A 6 per cent solution of protamine sul- 
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fate was adjusted to pH 6.5 and heated to 50°. For every 100 mg. of 
protein, 0.28 ml. of this solution was added. The precipitate was centri- 
fuged and discarded. The pH of the supernatant solution was adjusted 
to 7.2 with 0.1 N NaOH and recentrifuged at 0° if turbid. 

Alumina Gel Adsorption of Impurities “To the supernatant solution at 
room temperature, 0.1 volume of alumina Cy (18), containing 16 mg. of 
dry weight per ml., was added. After stirring occasionally for 5 minutes 
at room temperature, the suspension was centrifuged and the supernatant 
solution assayed. The alumina Cy treatment was repeated several times 
until no more than 20 per cent of transketolase was lost. If little increase 
in purity was observed, the alumina Cy treatment was repeated after 
adjusting the pH of the protein solution to 5.7 to 5.8 with 0.1 N acetic acid. 

Ammonium Sulfate Fractionation and Crystallization of Transketolase— 
To the solution, saturated ammonium sulfate was added slowly at 5-10° 
to a final saturation of 50 per cent. After standing for a few hours at 0°, 
the precipitate was removed by centrifugation at 16,000 «K g at 0°. The 
precipitate, which contained less than 10 per cent of the total activity, was 
discarded. Saturated ammonium sulfate was then added to the 50 per 
cent saturated supernatant solution until 70 per cent saturation was 
reached. After standing several hours at 0°, the solution was centrifuged in 
the cold at 16,000 * g and the precipitate dissolved in cold water to give a 
final protein concentration of 5 to 10 mg. per ml. The solution of this 
precipitate was assayed to determine the recovery of transketolase. If 
recovery was not complete, the ammonium sulfate concentration of the 
supernatant solution was raised to 80 per cent saturation. ‘To the solu- 
tion of the precipitated enzyme, saturated ammonium sulfate was then 
added slowly with stirring until slight turbidity was visible (50 to 60 per 
cent saturation). Crystallization of the enzyme was allowed to take place 
at 5° overnight. Next day the crystals were centrifuged and recrystal- 
lized as above. It was necessary to recrystallize several times to remove 
contaminating pentosephosphate isomerase. A representative protocol of 
the purification procedure is presented in Table I. Frequently the specific 
activity of the acetone and alcohol fractions was considerably higher than 
indicated in Table I. 

A modification of the above procedure of ammonium sulfate fractiona- 
tion and crystallization has been used more recently, resulting in better 
yields and higher specific activity of the enzyme. Saturated ammonium 
sulfate at pH 7.6 (the pH was adjusted with concentrated ammonium 
hydroxide and determined with a glass electrode on a 1:50 dilution of the 
saturated solution) was used and advantage taken of the negative tempera- 
ture coefficient of solubility exhibited by this enzyme in ammonium sul- 
fate by allowing the enzyme to crystallize slowly at room temperature. 
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Fraction Tota units ot Specie 
| units per mg. 
| protein 

Aleohol 800 , 000 643 
Supernatant, pH 5.5... . 893 ,000 1,240 
Protein nucleate, pH 5. 5-5. 4 iednece esenreawal 738 , 400 3,466 
After protamine treatment. 576,000 8,000 
2 treatments with y. 576,000 25,925 
(NH,4).S80,, erystals at 590% saturation. . 280 , 000 50,000 
Reerystallisation I........................ 273 ,000 54, 400 

Alkaline ammonium sulfate 

Protein nucleate, 5.554). 12,560,000 4,608 
After protamine treatment .. 12,970,000 6,143 
2 treatments with alumina C5 10,080 ,000 7,347 
(NH) 80s, 59% ppt. 4,419,000 30,000 
refractionated 45 50% saturation 4,400 ,000 119,000 
crystals at 50% saturation 2, 160,000 148 ,000 
supernatant 134, 400 


2,080 ,000 


2. of crystalline transketolase (specific activity = 
150,000). 


The crystals were stained with methylene blue; magnification, 1600 x. 
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The enzyme obtained by this procedure requires ThPP, and specific acti- 
vities as high as 150,000 have been obtained? (see Table I). Crystals thus 
obtained and stained with methylene blue are shown in Fig. 2. 


Properties of Crystalline Transketolase 


ThPP Requirement—Partially purified preparations of yeast transketo- 
lase show little or no activation by ThPP. However, prolonged dialysis 
against a solution of 0.6 per cent EDTA-0.9 per cent KCl, pH 7.4 (4), 
resulted in a loss of transketolase activity which was fully restored by 
addition of both magnesium and ThPP. ThPP can be more readily re- 
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Fic. 3. Thiamine pyrophosphate requirement of crystalline transketolase. Com 
ponents in this system are described under ‘“‘Assay method for transketolase,’’ 0.4 
y of transketolase (specific activity = 150,000) was added where indicated. 


moved by fractionation with alkaline ammonium sulfate (see “‘Purification 
of transketolase,’’ Table I). The activity of transketolase, crystallized 
from alkaline ammonium sulfate, in the presence and absence of ThPP, is 
shown in Fig. 3. A requirement for Mg**, as observed after dialysis against 
EDTA-KCl, was not obtained by this procedure, but a definite lag of 
triose phosphate formation was observed in the absence of Mg**. 

Stability—Suspensions of crystalline transketolase are stable in alkaline 
ammonium sulfate, even at room temperature. Water solutions of trans- 
ketolase lose activity but are stable over a period of several weeks in the 
ice box in 0.008 m glycylglycine buffer at pH 7.4. 


2 A preparation of transketolase with a specific activity of 150,000 units per mg. of 
protein was analyzed by Dr. I. C. Gunsalus and found to contain a negligible amount 
of lipoic acid. 
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Substrates and Products of Transketolase-Catalyzed Reactions 


Pentose Phosphates —Crystalline transketolase, free of pentosephosphate 
isomerase, did not form triose phosphate with either ribose-5-phosphate or 
ribulose-5-phosphate as substrate. Hlowever, with a mixture of both (iso- 
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Fic. 4. Requirement for acceptor aldehyde in splitting ribulose-5-phosphate. 
Curve 1, ribulose-5-phosphate (Dr. B. L. Horecker); Curve 2, isomerase product 
subjected to iodine oxidation. All components except substrate, acceptor aldehyde, 
and transketolase were added in amounts given under ‘‘Assay method for trans- 
ketolase.’’ Curve 1, transketolase (2600 units, specific activity = 16,000) was added 
at zero time and ribulose-5-phosphate as shown in the graph. 5 yumoles of pi-glycer- 
aldehyde were added after the reaction had come essentially to completion. Curve 
2, iodine-treated isomerase product (0.12 ymole of pentose) was added at zero time. 
Transketolase (1200 units, specific activity = 14,500, not requiring ThPP) was added 
where indicated. 2.5 ymoles of pi-glyceraldehyde were added where indicated. The 
preparations of TK used in the above experiments contained traces of pentose iso- 
merase activity, responsible for the slow reaction before addition of acceptor alde- 
hyde. 


merase product), formation of triose phosphate could be readily demon- 
strated. Although fresh solutions of ribose-5-phosphate are essentially 
free of the keto sugar, it is difficult to obtain preparations of ribulose-5- 
phosphate which are free of the aldo sugar. As can be seen in Fig. 4, on 
addition to the assay system of ribulose-5-phosphate or isomerase product 
which has been subjected to iodine oxidation, the reaction proceeded until 
the residual ribose-5-phosphate was depleted. Upon further addition of 
an acceptor aldehyde (e.g. ribose-5-phosphate or glyceraldehyde), the for- 
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mation of triose phosphate was resumed. The presence of ribose-5- 
phosphate in preparations of ribulose-5-phosphate may well explain experi- 
ments in which ribulose-5-phosphate appeared to be a better substrate 
than ribose-5-phosphate (19). That ribulose-5-phosphate is actually the 
compound which is cleaved to yield triose phosphate, while ribose-5-phos- 
phate serves as acceptor, was established by the demonstration that certain 
other aldoses can be substituted for ribose-5-phosphate. The following 
compounds were found to be active as acceptor aldehydes: glycolaldehyde, 
pL-glyceraldehyde, ribose-5-phosphate, and deoxyribose-5-phosphate. On 
the other hand p-ribose, acetaldehyde, formaldehyde, and glucose-6-phos- 
phate were inactive under the conditions tested. 

Nature of Triose Phosphate Formed from Ribulose-5-phosphate—Isomer- 
ase product was incubated with transketolase in the presence of hydrazine 
as a trapping agent, the hydrazones formed were decomposed with benz- 
aldehyde according to Meyerhof (20), and the triose phosphate assayed 
with crystalline glyceraldehyde-3-phosphate dehydrogenase in the presence 
and absence of triosephosphate isomerase. It was found that the pre- 
dominant triose phosphate was glyceraldehyde-3-phosphate. More di- 
rectly it was shown that, with crystalline transketolase, glyceraldehyde-3- 
phosphate dehydrogenase, and arsenate, the addition of isomerase prod- 
uct led to a rapid reduction of DPN, as shown in Fig. 5. It can also be 
seen in Fig. 5 that the transketolase preparation was free of triosephosphate 
isomerase, since, in a system containing transketolase, glyceraldehyde-3- 
phosphate dehydrogenase, and the equilibrium mixture of triose phos- 
phates (21), oxidation of dihydroxyacetone did not take place until triose- 
phosphate isomerase was added. It is evident therefore that glyceralde- 
hyde-3-phosphate is the triose phosphate produced in the splitting of 
ribulose-5-phosphate by yeast transketolase. This system has been used 
for the quantitative determination of ribulose-5-phosphate in mixtures 
containing triose phosphates, HDP, and hydroxypyruvate. The latter 
compounds interfere with the assay by the glycerophosphate dehydro- 
genase system, which is not free of aldolase, triosephosphate isomerase, and 
lactic dehydrogenase. 

Hydroxypyrwate As Substrate for Transketolase and Synthesis of Ribulose- 
5-phosphate—Crystalline transketolase from bakers’ yeast catalyzes the 
decarboxylation of hydroxypyruvate (22) only in the presence of one of 
the acceptor aldehydes mentioned above. When pi-glyceraldehyde-3- 
phosphate, or p-glyceraldehyde-3-phosphate, generated from HDP by aldo- 
lase, served as acceptor aldehyde, a ketopentose phosphate was formed. 
The stoichiometric relationship of CO, evolution and ketopentose forma- 
tion is demonstrated in Table II, which also shows the absence of pyruvate 
carboxylase in these preparations. No cleavage of ribulose-5-phosphate 
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took place until the acceptor was added, indicating that no ribose-5-phos- 
phate was formed under these conditions. ThPP was required for the 
decarboxylation of hydroxypyruvate; this could be demonstrated only 
after dialysis of the enzyme against 0.6 per cent EDTA-0.9 per cent KCI. 


o7 2 


MINUTES 


Fic. 5. Demonstration of p-glyceraldehyde-3-phosphate as the triose phosphate 
formed in the cleavage of ribulose-5-phosphate. The following components were 
present in both reactions represented by Curves 1 and 2: 0.1 ml. of glycylglycine 
buffer, 0.5 m, pH 7.6; 0.04 ml. of potassium arsenate, 0.15 mM; 0.05 ml. of DPN, 10 mg. 
per ml. (67 per cent pure); 0.05 ml. of MgCl», 0.06 m; 0.05 ml. of ThPP, 0.1 per cent; 
0.01 ml. of triosephosphate dehydrogenase seven times recrystallized, 3.2 mg. per 
ml. containing 600 y of Versene, pH 7.0, per ml.; 265 units of transketolase (specific 
activity = 150,000) and water to a final volume of 1.0 ml. Curve 1, triosephosphate 
dehydrogenase was added at zero time; transketolase, Mg**, and ThPP where indi- 
cated, and the reaction started by the addition of 0.03 ml. of a 1.5 per cent solution 
of the ammonium salt of isomerase product. Curve 2, triosephosphate dehydrogen- 
ase was added at zero time; 0.02 ml. of a solution of the equilibrium mixture of triose 
phosphates containing 19 wmoles of total triose phosphate per ml. was added as 
indicated; transketolase, Mg**, and ThPP were added as indicated, and finally 0.01 
ml. of a 10 mg. per ml. solution of triosephosphate isomerase was added. 


The ketopentose phosphate synthesized by transketolase from hydroxy- 
pyruvate behaved in all respects like ribulose-5-phosphate obtained by 
decarboxylation of phosphogluconate. It was split by transketolase to 
yield triose phosphate, but only in the presence of acceptor aldehyde; it 
gave a positive carbazole reaction; the product of the orcinol reaction had 
an absorption spectrum identical to that given by ribulose-5-phosphate 
(23). 
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A large scale preparation of ribulose-5-phosphate was carried out as 
follows: 800,000 units of crystalline transketolase (specific activity 93,000) 
were incubated with 10 ml. of 0.3 m MgCle, 5 ml. of 0.5 per cent ThPP, 
100 mg. of crystalline aldolase (from rabbit muscle), 15 ml. of 0.2 m HDP, 
20 ml. of 0.5 m glycylglycine, pH 7.0, 90 ml. of 0.044 m hydroxypyruvate 
in a final volume of 210 ml. The reaction mixture was incubated for 2 
hours at 30°, after which period the reaction was stopped by the addition 
of 20 ml. of 50 per cent TCA. As indicated by an orcinol determination, 


TABLE II 


Decarborylation of Hydrorypyruvate by Crystalline Transketolase from 
Bakers’ Yeast 


Ketopen tose 
Flask No. Conditions COs liberated* phosphate 
forme 
pmoles pmoles 
1 Complete system 2.25 2.8 
2 | 5.7 5.7 
3 | 6.3 6.7 
4 No transketolase <0.1 0.0 
5 * HDP <0.1 0.0 
6 Pyruvate instead of hydroxypyruvate <0.1 0.0 


* Corrected for CO: retention. 

The complete svstem contained 200 y of seven times recrystallized aldolase; 500 
y of crystalline transketolase (specific activity = 90,000), 50 wmoles of HDP, 0.6 
umole of ThPP, 30 ymoles of MgCl., 100 umoles of glyeviglyvcine buffer, pH 7.2, and 
potassium hydroxypyruvate as follows: Flasks 1 and 2 contained 15 and 25 umoles, 
respectively, and the remaining flasks 50 uymoles. The final volume was adjusted to 
2.0 ml. with water. The reaction was allowed to proceed for 60 minutes, at which 
time an equal volume of 10 per cent trichloroacetic acid was added. The neutralized 
filtrates were assaved for ribulose phosphate with crystalline transketolase, glycer- 
aldehyde-3-phosphate dehydrogenase, DPN, and arsenate in the presence of excess 
ribose-5-phosphate as acceptor. 


approximately 900 umoles of pentose phosphate were synthesized. The 
precipitated protein was removed by centrifugation, the pH was then ad- 
justed to 6.9, and the barium-soluble-alcohol-insoluble fraction was col- 
lected. This salt, amounting to 3.0 gm., was thoroughly extracted with 
small portions of water until no more pentose was eluted; the combined 
washings were then reprecipitated at pH 6.9 with alcohol. The precipitate 
(1.8 gm.) was eluted with water as above; 690 umoles of pentose phosphate 
(as shown by the orcinol reaction) were obtained in a final volume of 32 
ml. The Ba++ was then removed with ammonium sulfate, and the solu- 
tion placed on a Dowex 1 formate column 5 em.2 XK 30 em. The column 
was washed with water and the pentose phosphate eluted with 0.1 mM formic 
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acid-0.03 m Na formate, pH 3.1 (23), and 25 ml. fractions were collected 
with the aid of an automatic fraction collector. The pentose phosphate 
was eluted between 2700 and 3600 ml. of eluent. The fractions containing 
pentose phosphate (500 umoles) were pooled and the pentose phosphate 
was precipitated as the barium salt at pH 6.5. 

Formation of Heptulose Phosphate by Crystalline Transketolase—As shown 
above, transketolase catalyzes the formation of glyceraldehyde-3-phosphate 
from ribulose-5-phosphate only in the presence of a suitable acceptor alde- 


Taste III 
Synthesis of Heptulose Phosphate by Crystalline Transketolase 


Tube No. Components rr hate 

pmoles 

Ribose -5-phosphate 0.05 

2 + hydroxypyruvate 5 

3 + 1l-erythrulose 3.2 

4 nig + F-6-P 1.1 

5 Ribulose-5-phosphate 0.25 

6 Ribose-5-phosphate + ribulose-5-P 3.1 


All the tubes contained 100 wmoles of glyeylglycine buffer, pH 7.5; 15 wmoles of 
MgCl.; 100 y of ThPP; 2200 units of crystalline transketolase (specific activity = 
140,000); 6.0 wmoles of synthetic ribose-5-phosphate (except Tube 5). Where in- 
dicated, the following components were added: 4.8 wmoles of hydroxypyruvate 
(potassium salt); 20 wmoles of L-erythrulose; 20 wmoles of fructose-6-phosphate 
(F-6-P); 3.3 wmoles of ribulose-5-phosphate (from hydroxypyruvate; isolated and 
purified on Dowex 1 formate, as described in the text). The tubes were incubated 
for 30 minutes at 38° and analyzed for heptose formation by the cysteine reaction of 
Dische (13). 24 hours after addition of cysteine, the tubes were read at 510 my. 
Zero time samples with and without internal sedoheptulosan standard were analyzed 
for each reaction mixture and appropriate corrections made. 


hyde. With ribose-5-phosphate as acceptor, the products of the reaction 
should be triose phosphate and a heptulose phosphate. The data in Table 
III indicate that this is indeed the case. Heptulose formation was deter- 
mined by the method of Dische (13) with sedoheptulosan as a standard. 
As can be seen in Table III, heptulose synthesis with crystalline trans- 
ketolase is observed only when both ribose-5-phosphate and a source of an 
active 2-carbon fragment are present. That a transfer of a 2-carbon frag- 
ment from ribulose-5-phosphate to ribose-5-phosphate is involved is indi- 
cated by the demonstration of heptulose phosphate synthesis from hydroxy- 
pyruvate in the presence of ribose-5-phosphate. 

The product of the reaction of ribose-5-phosphate with hydroxypyruvate 
catalyzed by crystalline transketolase has been isolated as a barium salt 
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and purified by means of chromatography on Dowex 1 formate. Elution 
of the heptulose phosphate was followed by the cysteine reaction (13). 
Its chromatographic behavior on this resin was identical with that reported 
by Horecker et al. (19) for sedoheptulose-7-phosphate in its early elution 
and in its remarkably sharp elution curve. The eluted heptulose phosphate 
was again isolated as a barium salt. Paper chromatographic comparison 


5 
MINUTES 


Fic. 6. Formation of triose phosphate from heptulose phosphate by transketolase 
in the presence of acceptor aldehyde and pentosephosphate isomerase. The follow- 
ing components were present in the reaction mixture: 0.05 ml. of glycylglycine buffer, 
0.5m, pH 7.6; 0.05ml. of DPNH, 0.0014Mm; 0.05 ml. of a 1 per cent solution of a rab- 
bit muscle fraction containing glycerophosphate dehydrogenase and triosephosphate 
isomerase; 0.1 ml. of MgCl, 0.3 m; 0.02 ml. of ThPP, 5 per cent; 0.05 ml. of heptulose 
phosphate, 17 wmoles per ml.; 0.02 ml. of transketolase, 110,000 units per ml. (spe- 
cific activity = 16,000); 0.02 ml. of pL-glyceraldehyde, 0.25 m; 0.03 ml. of yeast pen- 
tosephosphate isomerase diluted 1:10 in water and prepared as described in the 
text; and water to a final volume of 1.0 ml. All the components except those indi- 
cated in the figure were added before the reaction was started by the addition of 
transketolase. 


of this heptulose phosphate in various solvents (80 per cent ethanol-2 per 
cent acetic acid; 80 per cent ethanol-0.6 per cent boric acid; 80 per cent 
ethanol) with a sample of sedoheptulose-7-phosphate obtained from Dr. 
B. L. Horecker indicated identical behavior of these two compounds. 
The spectra obtained in the cysteine reaction and in the orcinol reaction, 
and the color reaction on paper as described by Benevue and Williams 
(24), were identical to those obtained with sedoheptulose. 
Fructose-6-phosphate As Substrate for Transketolase—It has been re- 
ported (25) that transketolase will transfer the ketol group from fructose-6- 
phosphate to ribose-5-phosphate, yielding heptulose phosphate, and to 
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glyceraldehyde-3-phosphate, yielding ribulose-5-phosphate. Heptulose 
phosphate synthesis from fructose-6-phosphate and other donors of active 
aldehyde is shown in Table III. The other products of these reactions are 
under investigation. The compound formed from fructose-6-phosphate is 
presumably a tetrose-4-phosphate. From the reaction mixture a barium 
salt was isolated which was oxidized by glyceraldehyde-3-phosphate dehy- 
drogenase in the presence of DPN and arsenate. The amount of heptulose 
phosphate synthesized could be considerably increased when both HDP 
and aldolase were added. This is in accord with the observations of 
Horecker, who showed that erythrose and dihydroxyacetone phosphate 
are condensed by aldolase to give sedoheptulose-1-phosphate, and who 
isolated a heptulose diphosphate from a system which was expected to 
form triose phosphate and tetrose phosphate (26). 

Reversibility of Transketolase-Catalyzed Reaction—In the presence of 
transketolase and an acceptor aldehyde such as p.-glyceraldehyde, heptu- 
lose phosphate (obtained from the reaction between hydroxypyruvate and 
ribose-5-phosphate) yielded triose phosphate only upon addition of pentose- 
phosphate isomerase, as seen in Fig. 6. It is therefore apparent that the 
cleavage of heptulose phosphate yielded ribose-5-phosphate which was 
isomerized to ribulose-5-phosphate. The latter was then split to glycer- 
aldehyde-3-phosphate in the presence of the acceptor aldehyde. 

Formation of Hexose Monophosphate—Partially purified preparations of 
yeast transketolase were found to give rise to glucose-6-phosphate in the 
presence of isomerase product (27). Crystalline preparations of trans- 
ketolase alone did not form hexose monophosphate, but on addition of 
highly purified transaldolase* fructose-6-phosphate accumulated. The 
latter was measured with glucose-6-phosphate dehydrogenase in the pres- 
ence of rabbit muscle hexosephosphate isomerase. The reaction did not 
proceed unless transketolase was added, thus demonstrating the complete 
separation of transaldolase from transketolase. 


DISCUSSION 


The formation of glyceraldehyde-3-phosphate from ribose-5-phosphate 
in partially purified preparations from yeast has been demonstrated to 
proceed in two steps catalyzed by separable enzymes. In the first step an 
equilibrium mixture of ribose-5-phosphate and ribulose-5-phosphate (iso- 
merase product) is formed. 

(1) Ribose-5-phosphate ribulose-5-phosphate 
In the second step ribulose-5-phosphate and ribose-5-phosphate are 


3The experiments with highly purified transaldolase preparations were carried 
out in collaboration with Dr. P. A. Srere. 
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transformed by transketolase into a mixture of heptulose-7-phosphate and 
glyceraldehyde-3-phosphate. 


(2) Ribose-5-phosphate + ribulose-5-phosphate 
== heptulose-7-phosphate + glyceraldehyde-3-phosphate 


It is not claimed that the above formulation of the reaction is operative 
in systems other than yeast. Whether it applies also to liver and spinach 
preparations (19) cannot be stated until a separation of the two steps has 
been accomplished in these systems. Since the spinach enzyme has been 
highly purified (19) without effecting a separation of the two activities, the 
possibility of the existence of a ‘double headed enzyme” containing both 
transketolase and pentosephosphate isomerase may be considered. Such 
a mechanism would have the particular advantage of a greater efficiency 
in heptulose synthesis, a reaction which may play an important rdéle in 
photosynthesis (28). 

It has been suggested (4) that, in the presence of a keto sugar or hydroxy- 
pyruvate, transketolase catalyzes the formation of “active aldehyde,” 
which then condenses with an “acceptor aldehyde” to form a new keto 
sugar, as given in Reaction 2. Although it is possible to demonstrate an 
absolute requirement for the “acceptor aldehyde,” it should be pointed out 
that this does not represent evidence for the formation of “active glycol- 
aldehyde.” As an alternative explanation for the above findings, a dis- 
placement of the triose phosphate moiety of ribulose-5-phosphate by the 
acceptor aldose might be considered. Such a mechanism could take place 
without the intermediate formation of an ‘active aldehyde.” Experi- 
ments which should differentiate between the two alternative hypotheses 
are in progress. 

A third enzymatic step which is required for glucose-6-phosphate for- 
mation from pentose phosphate has been demonstrated. The reaction has 
been suggested to consist of a transaldolization (1) and the enzyme has 
been partially purified (26, 27). 


(3) Heptulose-7-phosphate + glyceraldehyde -3-phosphate 


= fructose-6-phosphate + ‘‘tetrose-4-phosphate”’ 


Since transketolase has been found to cleave fructose-6-phosphate (25), 
a scheme has been proposed (2) for a complete cycle of glucose oxidation 
with the participation of six enzymes (glucose-6-phosphate, phospho- 
gluconate dehydrogenase, transketolase, transaldolase, hexose phosphate, 
pentosephosphate isomerase). Many features of this scheme have also 
been advanced by Horecker (3). This formulation of the cycle is con- 
sistent with quantitative data on the yield of hexose monophosphate from 
ribose-5-phosphate (1) and also with recent isotope studies on the redistri- 
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bution of labeled glucose and ribose phosphates (3). The significance and 
further details of the cycle have been discussed elsewhere (2). 


Glucose-6-P 


6-P-gluconate 


Ribulose-5-P heptulose-7-P fructose-6-P 


Ribose-5-P glyceraldehyde-3-P tetrose-P fructose-6-P 


ribulose-5-P glyceraldehyde-3-P 


It should be stressed that the specificity of yeast transketolase has not 
as yet been fully explored because only a few phosphorylated keto sugars 
are available. A unique configuration about the asymmetric carbon atom 
at the point of cleavage does not seem to be essential for transketolase 
action, as evidenced by the cleavage of fructose-6-phosphate. This sug- 
gests the possibility that other keto sugars such as xylulose-5-phosphate 
and alloheptulose-7-phosphate may be cleaved and synthesized by yeast 
transketolase. 

The significance of the transketolase-catalyzed condensation of triose 
phosphate and “active glycolaldehyde”’ for the biosynthesis of pentoses 
remains to be determined. Glyceraldehyde-3-phosphate is formed during 
glycolysis, while ‘‘active glycolaldehyde”’ may be derived from serine via 
hydroxypyruvate (29) or by cleavage of fructose-6-phosphate as described 
in this paper. On the other hand, the enzymes and substrates required 
for ribulose-5-phosphate formation by oxidative decarboxylation of glu- 
cose-6-phosphate via 6-phosphogluconate are also available to many cells. 
Attempts have been made (30, 31) to evaluate the significance of the 
glucose-6-phosphate shunt pathway in various tissues by measuring radio- 
active CO», derived from C-1- and C-6-labeled glucose. The relative réle 
of the 2- and 3-carbon condensation which was first indicated by isotope 
experiments (32) is even more difficult to evaluate quantitatively because 
of the possible occurrence of exchange reactions. 


SUMMARY 


1. The purification and crystallization of transketolase from bakers’ 
yeast have been described and its requirement for thiamine pyrophosphate 
and magnesium ions demonstrated. 

2. In the presence of the crystalline enzyme, several keto sugars as well 
as hydroxypyruvate give rise to an “active glycolaldehyde,” which is 
condensed with an “acceptor aldehyde” to give rise to a new keto sugar. 
With ribulose-5-phosphate as donor and ribose-5-phosphate as acceptor, 
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a heptulose phosphate and a triose phosphate are formed. The triose 
phosphate was identified as p-glyceraldehyde-3-phosphate. 

3. Fructose-6-phosphate is shown to be a donor of “active glycolalde- 
hyde.” 

4. The formation of fructose-G-phosphate from pentose phosphate is 
shown to be dependent on the participation of both transketolase and 


transaldolase. 
5. Based on the above finding, a glucose-6-phosphate oxidation cycle 
catalyzed by six enzymes is postulated. 
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The importance of milk in human nutrition makes it desirable to under- 
stand better the metabolism of lactose. Much of the experimental work 
on the utilization of lactose has been conducted with rats (8, 16). Other 
investigators have employed pigs, chickens, dogs, and calves (10-12, 19), 
while infants, children, and adults were used under suitable conditions 
(2, 14, 21, 23). We wish to report here observations dealing-with the fate 
of the carbon of administered C-labeled lactose, glucose, and galactose 
in rats. Glucose and galactose were included in this study in order to 
facilitate the evaluation of the metabolic fate of lactose. The yields of 
C™ in the expired air, liver, feces, urine, and carcass served as a measure 
of the extent of sugar utilized after the radioactive sugars were intro- 
duced into the rat by stomach tube and injection into the caudal vein. 


EXPERIMENTAL 


Isotopic Compounds'—4 to 6 mg. each of p-glucose-U-C™ (Oak Ridge 
National Laboratory and The Atomic Center, Inc.), p-glucose-1-C", p- 
galactose-1-C™, and p-lactose-1-C™ (National Bureau of Standards) were 
dissolved in 1 to 2 ml. of physiological saline solution and in 5 ml. of water 
for intravenous and oral administration, respectively. In those experi- 
ments in which 100 to 250 mg. of the sugar were given orally, 4 to 6 mg. of 
the radioactive sugar were diluted gravimetrically with non-isotopic sugar 
and dissolved in 5 ml. of water. 

In order to establish the radiochemical homogeneity of the radiosugars, 
they were subjected to descending one-dimensional paper chromatography 
(15) and radioautography with Eastman Kodak ‘‘no screen”’ x-ray film. 
The length of exposure of the paper chromatograms to the x-ray film was 
dependent upon the amount of activity present on the paper chromatogram. 

In the case of galactose-1-C™ and glucose-U-C™, the presence of only 
one detectable spot on each of the radioautograms indicated that galactose 
and glucose were free of contamination by any radioactive impurities. 

Radioautograms of glucose-1-C™ revealed radioactive impurities having 


' Glucose uniformly labeled in all carbon positions with C' is referred to as glu- 
cose-U-C'*, 
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R? values of 0.08, 0.12, 0.20, and 0.30. The purification of this sugar was 

accomplished by column chromatography by the charcoal-Celite technique 

described by Whistler and Durso (24) with water as the eluting solvent. 
Chromatographic and radioautographic analysis of one batch of lactose- 


Galactose 


@ucose 
1 


2 


Fic. 1. One-dimensional paper chromatogram of a sample of lactose-1-C'™ (0.98 
uc. per mg.) showing the presence of substances, other than lactose, which give a 
positive color reaction with ammoniacal silver nitrate. A, lactose, galactose, glu- 
cose standards; B, 157.6 y of the sample of lactose-1-C'* applied in portions of 3.94 
y per 2yl. (forty 2 ul. applications). 

Fic. 2. A radioautogram (72 hours exposure) of the sample of lactose-1-C™ de- 
picted in Fig. 1. <A, 39.4 y (0.0386 we. activity) of the sample applied in 3.94 y per 
2 wl. portions (ten 2 ul. applications). 


1-C™ (0.98 ue. per mg.) revealed the presence of six additional substances 
(Fig. 1), of which two were radioactive (Fig. 2). Purification of this lac- 
tose was achieved by the column chromatographic technique of Whistler 
and Durso. Scanning analysis* (Fig. 3) showed the purified lactose to be 


2 Rais the ratio of the distance moved by the spot to the distance moved by glucose 
on the same paper. 
3’ Courtesy of Dr. R. C. Anderson, Brookhaven National Laboratory. 
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suitable for metabolic studies. A second sample of lactose-1-C™ (1.26 ye. 
per mg.) was analyzed by similar techniques and was found to be suffi- 


ciently pure (Fig. 4) for use in these studies. 


| 
ane 


Fic. 3. Curve obtained by scanning a chromatogram of a portion of the lactose 
depicted in Figs. 1 and 2 after purification by column chromatography. The curve 
showed that the radioactive impurities revealed on the radioautogram (2 weeks ex- 
posure, shown at the right of the curve) were insignificant. The chromatogram 
used for the radioautogram and scanner contained a total of 0.038 ye. of lactose. 
A distance of 1 cm. traversed on the recorder was equal to 1.18 em. on the chromato- 
gram. 


Administration of Dose—Forty male rats (Sprague-Dawley strain), 
weighing from 180 to 200 gm., were given doses of the labeled sugars; six- 
teen animals received injections into the caudal vein and twenty-four by 
stomach tube. All rats were maintained on a sugar-free diet offered ad 
libitum prior to and during the experiment. The experiments varied as to 
duration, as shown in Tables I to IV. Those animals which received 
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doses by stomach tube were fasted for 18 hours prior to the administering 
of the radioactive sugars. The diet contained 24 per cent casein, 4 per 
cent Phillips and Hart salt mixture (18), 6 per cent butter fat, 2 per cent 
cod liver oil, 2 per cent liver concentrate powder, and 62 per cent corn- 
starch. To this diet were added vitamins E, Kk, and B complex. 


eT 

L 


Fic. 4. Curve resulting when a second sample of lactose-1-C'* (1.26 we. per mg.) 
obtained from the National Bureau of Standards was scanned. The curve showed 
that the two radioactive impurities revealed by the radioautogram (2 weeks ex- 
posure) were insignificant. The chromatogram which was radioautographed (shown 
at the right of the curve) and scanned contained 0.063 we. of lactose. A distance of 
1 cm. traversed on the recorder was equal to 1.18 em. on the chromatogram. 


Collections and Assays—Following the dosing, the rats were housed in 
metabolism cages which were, in turn, placed in respiration chambers. 
Air was drawn through the chamber at a rate necessary to maintain 2 cm. 
of water pressure. Carbon dioxide in the respired air was collected at 
specified intervals by drawing the air through an absorption tower con- 
taining 2.5 nN NaOH. A porous glass disk at the bottom of the tower served 
to break the stream of air into fine bubbles. Urine was collected at 24 
hour intervals. At the termination of the respired air collections, the 
respiration chamber was opened and the animal was sacrificed by chloro- 
form inhalation. At this time, feces were collected for radioassay. In 
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two cases (glucose and lactose), blood was taken by intracardial puncture 
prior to the sacrifice of the animals. Livers were excised only from those 
animals that received lactose and glucose via stomach tube. Carcasses 
were autoclaved for 1 hour at 15 pounds pressure and converted into a uni- 
form paste in a Waring blendor prior to radioassay. 

Respired air samples were assayed by the method of Zilversmit et al. 
(26). The apparatus described by Anderson ef al. (1) was used in the 
dry combustion procedure. In the wet combustion procedure reagents 
described by Van Slyke et al. (22) and the apparatus of Steele and Sfor- 
tunato (20), modified by Anderson, were employed.4. The carbon di- 
oxide from the combustion procedures was precipitated as BaCQOs, col- 
lected on filter paper, dried, weighed, and counted in a windowless gas 
flow detector (Nuclear Instrument and Chemical Corporation, model 
1 D-46A). Sufficient counts were made to reduce the counting error to 
less than +3 per cent; the counts were corrected for coincidence losses, 
background, and self-absorption. 


RESULTS AND DISCUSSION 


Comparison of Metabolism of Sugars Following Intravenous Administra- 
tion—The rates at which C'™ appeared as respiratory CO» are presented 
in Figs. 5, 6, and 7 and are expressed as the per cent per hour of the ad- 
ministered radiocarbon recovered versus the time following the adminis- 
tration of the isotope. No significant differences exist in the rate at which 
the injected labeled sugars were oxidized by animals within each experi- 
mental group. During the Ist hour there was a lag in C“Os. output. 
However, the rate accelerated, reached its maximum during the suc- 
ceeding 2 to 4 hours, and thereafter diminished progressively with time. 

Glucose-U-C"™, glucose-1-C™, and galactose-1-C™ exhibited similar cata- 
bolic patterns, as shown by the recovery of radioactive CO: in the re- 
spired air (Tables I to IV). The oxidation of both uniformly labeled glu- 
cose and glucose-1-C'™ was very rapid, as shown by the large recoveries of 
activity (64 per cent) in the respired air within the first several hours 
(Tables I and IT). Only an additional 16 per cent of the administered 
activity was detected in the respired air in the 4 days following the initial 
oxidation of the uniformly labeled sugar. The conversion of glucose to 
CO. via the Embden-Meyerhof glycolytic pathway (3) may explain the 
small differences in the respired air recoveries in the experiments in which 
uniformly labeled glucose and glucose-1-C' were used. Since the se- 
quence in which the several carbon atoms of glucose appeared as COz in a 
respiring system according to the Embden-Meyerhof pathway is 3,4, 2,5, 
and 1,6, within a given period, the vields of C“O. from glucose-U-C"™ 


‘Dr. R. C. Anderson, private communication. 
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catabolism are slightly greater than those from glucose-1-C™ catabolism 
(TablesT and II). The lower rate of C“O, oxidation with galactose is prob- 


TABLE I 
Conversion of Glucose-U-C'4 to C40. by Normal Rats 


Cumulative radiochemical yield in expired air from glucose-U-C". 


Caudal vein injection Stomach tube 
5 mg 5 mg. 5 mg. 2.5 mg. 4mg 250 mg. 
1 4.90 5.36 1.11 | 
2 11.78 | 25.02 
3.5 39.59 30.93 44.19 | 
4 19.40 | 42.46 
7 26.72 | 48.78 
8 61.47 61.61 68 .27 
13.5 66.07 66.32 74.16 | 
24 69.47 69.76 77.31 59.95 64.09 
31 71.21 71.66 78.83 61.62 65.82 
48 73.67 74.58 81.55 67.03 68 .36 
72 76.09 77.58 84.77 
102 77.10 78.35 85.30 | 
Recovery of Cin urine 
24 4.52 4.53 4.91 1.26 | 1.39 
48 5.21 5.02 5.18 | 2.13 1.60 1.66 
72 5.43 5.22 5.38 
102 6.19 5.89 5.76 
Recovery of C"™ in feces 
0.97 1.08 | 042 | 0.94 | 1.07 | 1.35 
Recovery of C™ in liver 
| 7.19 1.46 1.39 
Recovery of C' in carcass 
| 15.36 | 10.42 13.01 | 22.24 | 20.60 | 21.21 
Total.... | 99.62 05.74 104.49 09 53 03.97 


ably attributable to the difference in the steric configuration about the 4 
earbon. Nevertheless, 61 per cent of the galactose at the 6 mg. level was 
oxidized within 24 hours (Table IIT). 
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7 per cent of the administered lactose activity appeared in the respired 
air within a period of 48 hours (Table IV). The occurrence of small quan- 


TABLE II 
Conversion of Glucose-1-C'* to by Normal Rats 
Cumulative radiochemical yield in expired air from glucose-1-C". 


| Caudal vein injection Stomach tube 


250 mg. 


4+ mg. | 5 mg. 5 mg 

hee | per cent per cent | per cent per cent 
4 | 16.68 24.25 
6 55.14 33.12 
23 66.05 | 71.87 34.93 48.06 
27 | 36.28 48.83 
30 67.88 | 72.584 37.39 49.45 
48 70.67 75.22 46.63 51.86 
55 48 .69 52.29 
72 50.76 53.31 

Recovery of C™ in urine 
24 | ee 2.07 

48 3.69 3.54 | | 

72 | | 1.64 | 2.95 

Recovery of C™ in blood 
72 | 0.17 0.13 

Recovery of C™ in feces 
2.16 0.87 | 0.92 1.22 

Recovery of C™ in liver 
5.70 1.26 

| Recovery of C™ in carcass 
23.42 18.92 40.80 39.77 

99 94 98.55 99.99 


98 . 64 


tities of the enzyme, lactase, in the liver and kidneys (17) suggests the 
mechanism for the cleavage of the 1,4 linkage of lactose and the subse- 
quent oxidation of the labeled glucose moiety. 
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Small quantities of radioactivity were recovered in the urine with the 
exception of the urine of those rats receiving lactose. Twice as much 
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III 


Conversion of Galactose-1-C'* to C4O, by Normal Rats 
Cumulative radiochemical yield in expired air from galactose-1-C*. 


activity appeared in the urine of rats given galactose (10 per cent) as in 
the urine of rats given glucose (5 per cent), which is in agreement with the — 


Caudal vein injection Stomach tube 
Time 
elapsed 
6 mg. 6 mg. 6 mg. 6 meg | 100 mg. | 250 mg 250 mg 250 mg 
hrs. percent per cand per cent per ous | oer ont cent 
1 6.94 1.04 : 0.39 | 0.68 0.33 
2 30.10 | 30.38 | 33.01] 19.34 | 2.92 | 2.11 1.00 1.62 
3 25.70 4.11 3.87 4.47 4.44 
4 29.37 4.97 6.54 8.10 9.06 
5 32.91 5.46 8.01 | 12.49 12.59 
7 50.50 | 53.15 | 56.14] 35.84 6.03 8.99 | 18.71 17.49 
24 56.32 | 60.77 | 64.79 | 52.24 14.04 15.58 | 29.35 31.26 
27 56.98 61.29 | 65.31! 53.28 16.64 16.24 | 30.05 32.86 
31 57.82 | 62.12 | 66.18 | 54.64 16.95 17.39 | 32.11 34.79 
48 60.05 | 64.37 | 67.41 | 60.35 24.15 23.18 | 35.83 39.25 
55 60.93 65.17 | 68.59 25.40 28.83 | 36.83 40.74 
72 62.31 66.16 70.21 29.16 35.03 | 39.34 41.00 
79 62.58 | 66.77 | 70.71 386.19 | 39.96 42.11 
103 64.39 | 68.09 | 72.98 | 32.62 38 .87 
168 67.48 72.01 | 77.08 39.98 | 44.86 
240 68.73 73.45 78.59 | 
Recovery of C™ in urine 
| 8.65) 4.27 | 10.42) 5.22 | 11.27 | 30.27 | 33.09 | 22.18 
48 9.56, 5.09 11.52 5.59 11.83 31.99 33.93 23.06 
72 10.17 | 5.71 12.49 12.26 33.12 35.86 23.58 
168 | 13.18 34.79 
240 11.07 | 7.05 | 14.14 | 
Recovery of C™ in feces 
1.29! 2.93 2.17! 1.50 | 1.27 0.97 0.29 | 0.83 
Recovery of C™ in carcass 
9.50 6.01 | 7.98) 30.17 | 32.01 | 19.89 | 23.55 | 33.41 | 
Total.. 90.59 | 89.44 | 102.88 97.61 86.47 100.51 | 99.66 | 99.93 
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Conversion of Lactose-1-C'* and Glucose-1-C'* + Galactose-1-C'™ to 


by Normal Rats 


Cumulative radiochemical yield in expired air from lactose-1-C'™ and glucose-l- 


+ galactose-1-C". 


Time clapsed 


Caudal vein injection 


Stomach tube 


3.5m 


60 mg 


5 mg. meg. | 250 mg | glucose- glucose-1-C™ 
lactose-1-C''  lactose-1-C™ lac C™ | lactose- cu | +3. 60 mg. 
| galactose-1 1- Fou galactose-1-C™ 
Ars. per per cent oer cent per cent | per cent per cent 
1 5.66 6.35 
2 O.S4 0.55 4.24 10.65 14.58 12.62 
4 | 13.51 19.11 
5 | 16.78 23.56 19.96 16.30 
7 2.65 | 3.49 19.08 28.27 23.44 19.30 
24 3.96 6.63 30.47 35.43 33 .32 24.37 
31 4.47 | 7.03 32.16 38.26 35.72 28.31 
48 §.24 8.01 38.01 44.51 42.47 35.53 
55 39.19 45.75 
72 41.58 49.20 
24 76. 82.0] 1.00 2.66 3.25 11.40 
48 78.08 S6.0S 4.02 12.42 
72 1.91 3.77 | | 
Recovery of Cs 
0.07 | 0.24 4.48 4.37 
of C™ in liver 
8.25 12.79 33.56 | 28.86 
ery of C™ in blood 
| 0.53 0.14 | 
Recor ery of cu in carcass i 
14.73 4.78 42.17 35.23 17.17 ~~ 21.06 
Total 42 105. 98 .93 99.10 
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work of Cori and Cori extrapolated to low levels (5, 6). Radioactivity 
from lactose appeared almost entirely in the urine (83 per cent). Radio- 
autograms showed the presence of lactose and three additional components, 
indicating that the majority of C™ activity in the urine was represented 
by unchanged lactose, while a small portion of the activity was present in 
the unidentified components. 

The radioactivity (0.2 to 2 per cent) appearing in the feces did not sug- 
gest reabsorption via the intestine. It did appear, however, that the feces 
were contaminated by the urine, since the cage construction did not insure 
the absence of contact between urine and feces, and therefore it seemed 
logical to consider these data obtained from additional recovery in the 
urine. 

The differences in carcass retention among the four sugars varied from 
7 to 21 per cent (Tables Ito IV). Since the 1,6 carbons of glucose would 
be oxidized to COs» last in the Embden-Meyerhof sequence, the retention 
of C" activity would be greater with glucose-1-C™, as all the radioactivity 
appears solely in the Ist carbon of the hexose. The retention of approxi- 
mately 8 per cent radioactivity in the carcass from the galactose adminis- 
tration is in agreement with the data, as it represents approximately a 
5 per cent difference from the activity recovered in the carcass and urine 
after giving glucose-1-C™. Lactose retention was rather high (10 per cent). 

Comparison of Metabolism of Sugars Following Oral Administration—<As 
with the intravenous administrations, uniformly labeled glucose was catab- 
olized to COs to a greater extent than glucose-1-C", galactose, lactose, 
and an equal mixture of the 1-C'-labeled glucose and galactose (Tables 
I to IV). With lactose, doses of both 2.8 and 250 mg. exhibited similar 
patterns of CO. catabolism, and most of the C™ oxidation occurred within 
the first several hours (Fig. 7, Table IV). Assuming that the enzy- 


matic hydrolysis of the sugar occurred in the intestine, the subsequent i 


mechanisms that occurred represented only the metabolism of the glucose 
moiety. This follows since the metabolic pictures of lactose-1-C'™ and 
glucose-1-C'* were almost identical (Tables II and IV). The quantity of 
radioactivity recovered in the respired air within 24 hours after lactose 


administration was 30 to 35 per cent, which was approximately equal to — 


that of both the dosages at lower levels of glucose-1-C™ (35 per cent) and 
the labeled sugar mixture (33 per cent). There was a considerable differ- 
ence (16 per cent) in the quantity of radioactivity appearing in the re- 
spired air from glucose-U-C™ compared with that from glucose-1-C™. 


This difference can be attributed to the Embden-Meyerhof glycolytic ° 
scheme, as previously explained. At the 6 mg. level of galactose, the C™O, — 


catabolism was similar to that of the uniformly labeled glucose oxidation. 
With increasing concentrations of galactose, the C' oxidation was greatly | 
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reduced (approximately 30 per cent recovered in 24 hours) compared with 
that at the 6 mg. level. Although the data from the administration of 
equal quantities of glucose-1-C'™ and galactose-1-C™ showed a marked de- 


crease (7 to 15 per cent) in the respiratory activity, the over-all metabolic 
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Fic. 6. Radiochemical vields of expired C'O, 


picture revealed better utilization of the sugars than when the sugars were 
administered individually. This is partially attributed to the effect of glu- 
cose in increasing tolerance for galactose by absorptive interrelationships 
and possibly to a more intimate relationship between the two hexoses (4, 
7,13). The differences in rates were small (Figs. 5, 6, and 7); the majority 
of the radioactivity appeared in the respired air within the first 2 hours in 
the case of glucose, galactose, and the mixture, whereas the maximal level 
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of radioactivity was attained 2 to 4 hours later with lactose. Enzymatic 
hydrolysis in the intestine may account for this time lag. Recovery of 
radioactivity in the urine was approximately 2 per cent, except after galac- 
tose and sugar mixture administrations. At the three levels of galactose, 
there were large differences in the elimination of C™ activity. The recoy- 
eries, ranging from 5 to 33 per cent, were proportional to the quantity of 
sugar administered and were in agreement with the data extrapolated to the 
low levels reported by Cori and Cori (5, 6). Most of the radioactivity 
recovered in the urine (Table IV) appeared within the first 24 hours. 
With the glucose-galactose mixture, the quantity of C"™ activity in urine 
was similar to that at the 6 and 100 mg. levels of the administered galactose. 


——« GLUCOSE +GALACTOSE 
LACTOSE-1-C!4 ORAL ADMINISTRATION 

LACTOSE-I-C4 INTRAVENOUS ADMINISTRATION 
© AVERAGE 


10.0 


8 4 x 40 

HOURS 
Fic. 7. Radiochemical yields of expired C'™O, 


In the case of glucose and galactose, radioactivity recovered in the feces _ 


was approximately 1 per cent. The data suggested that the activity in 
the feces possibly was due to unabsorbed sugar and partly to contamination 
by urine. In regard to lactose, the activity was represented partly by un- 
digested lactose and unidentified substances. 

The retention of the sugars or their metabolites in the carcass varied 


from 17 to 41 per cent in all experiments. Activities from the carcasses — 


of animals receiving lactose-1-C' and glucose-1-C™ were almost identical 
(35 to 42 per cent). With the glucose-galactose mixture, the vield in the 
carcass was 17 to 21 per cent. 

The differences in liver radioactivity following singly and uniformly 
labeled glucose were almost negligible. With the smaller doses, a larger 
percentage (5 to 7 per cent) was retained in the liver. The radioactivity 
was probably in the form of liver glveogen. During the fasting period, the 
animals presumably lost most of their liver glycogen. Consequently, the 
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activity recovered in the liver following the dosing must have been the re- 
sult of glycogen, synthesized proportionately, from the ingested sugar. 
Increased storage of radioactivity was observed in the liver with lactose 
administration (8 to 13 per cent). Radioactivity in the liver after the 
administration of the glucose-galactose mixture ranged from 29 to 34 per 
cent, almost 3 times the radioactivity recovered after lactose administra- 
tion. This increase in activity may be in part due to the replacement of 
glycogen following the fasting period and partially as a result of a more 
intimate relationship between these sugars. 

There was almost no activity in the blood at the end of 72 hours when 
glucose was administered. The turnover time for glucose is short, and 
considerable light is shed on the disappearance of glucose from the blood by 
Feller et al. (9), Wicks et al. (25), and Zilversmit ef al. (26). 


SUMMARY 


Lactose, glucose, and galactose containing C™ were administered orally 
and intravenously to rats. By observing the respiration, retention, and 
excretion of the radioactive carbon, the rates and manner in which these 
materials were metabolized were determined. 

In the experiments in which the radiocompounds were administered 
orally, glucose was catabolized to CO, to a greater extent than galactose, 
lactose, or an equal mixture of glucose and galactose. Lactose and the 
glucose-galactose mixture were retained in the carcass to a greater extent 
than glucose or galactose administered individually. Galactose excretion 
via the kidneys was proportional to the dose administered. 

With intravenous administration, glucose and galactose were quickly 
catabolized to respired air. Lactose was excreted primarily by way of the 
kidneys, and a small percentage of the administered radioactivity appeared 
in the respired air. 


The authors wish to express their thanks to Messrs. W. Bucek, A. Brook- 
man, and Ek. Caruso for technical assistance, to Mr. 8S. J. Tassinari for 
analytical services, and to Miss A. Beaty and the staff of the Nutrition 
Laboratories for the preparation of the diet. Grateful appreciation is 
expressed to Dr. L. K. Riggs for his illuminating discussions and constant 
encouragement throughout this investigation. 
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EFFECTS OF THYROXINE AND SOME RELATED 
COMPOUNDS ON BACTERIAL OXIDATIONS* 


By ELSIE WAINFANT ann WALTER MARX 


(From the Department of Biochemistry and Nutrition, School of Medicine, and 
the Allan Hancock Foundation, University of Southern California, 
Los Angeles, California) 


(Received for publication, September 24, 1954) 


It was recently observed in our laboratory that the oxidation of choles- 
terol in vitro by intestinal bacteria is stimulated by 2,4-dinitrophenol (1). 
In preliminary experiments with the same bacterial system, L-thyroxine 
was also found to accelerate the oxidation of cholesterol and of glucose (2). 
The work to be described here includes an extension of these studies and, 
in addition, results obtained with several related compounds. 


EXPERIMENTAL 


Cells of Aerobacter aerogenes were harvested after 40 hours growth at 32° 
on a half strength nutrient agar medium containing 0.1 mg. per ml. of 
cholesterol (1). The cells were washed twice in 0.025 m phosphate buffer, 
pH 7.0, and resuspended in the same buffer at a concentration of 1.3 to 1.5 
mg. dry weight of cells per ml. of suspension for use in the Warburg ap- 
paratus. 

The effects of L-thyroxine,' p-thyroxine,' pL-thyroxine,? L-triiodothyro- 
nine,' and deaminothyroxine ((3’ ,5’-diiodophenoxy )-3 ,5-diiodopheny!pro- 
pionie acid)' on the oxygen consumption of these cells were measured by 
conventional manometric techniques. These compounds were dissolved 
by bringing the solution to pH 10.5 with NaOH. The small amount of 
alkali used did not cause an increase in pH greater than 0.1 pH unit in the 


* This investigation was supported in part by research grant No. H-1162 from the 
National Heart Institute, National Institutes of Health, United States Public Health 
Service. 

+t Predoctoral Research Fellow of the United States Public Health Service. Pres- 
ent address, Department of Chemistry, Reed College, Portland 2, Oregon. 

' The authors are much obliged to the Travenol Laboratories, Inc., a subsidiary 
of the Baxter Laboratories, Inc., Morton Grove, Hlinois, for providing sodium L- 
thyroxine pentahydrate and sodium p-thyroxine pentahydrate; to the Smith, Kline 
and French Laboratories, Philadelphia, for supplying triiodothyronine; and to Dr. 
T. C. Bruice, Dr. R. J. Winzler, and Dr. N. Kharasch for the deaminothyroxine 
used. The latter two compounds were originally provided by the Glaxo Labora- 
tories, Ltd., Greenford, Middlesex, England. 

? Thyroxine erystals, Squibb. 
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buffered contents of the incubation vessels. Glucose and colloidal choles- 
terol,’ prepared as previously described (1), were used as substrates. 


Results 


L-Thyroxine at concentrations ranging from 7.5 K 10-°> m to 2.5 & 10-5 
M accelerated the rate of glucose oxidation by resting cells of A. aerogenes 
(Table 1). The effect was observed only if the cells were preincubated 
with thyroxine for 30 minutes before tipping in the glucose. Under the 
conditions of these experiments, L-thyroxine did not significantly enhance 


TaBie [ 


Effects of u-Thyroxine on Oxidation of Glucose and of Cholesterol by 
A. aerogenes 


Mean Qo, and standard error, wl. per hr. 
Substrate per mg. dry weight 

L-Thyroxine Substrate concentra- f 

sa | Without substrate With substrate 
mx uw xX 10-4 

7.5-2.5 Glucose 2 4.44 1.4 29 +1.0 
0 2.3 + 1.3 17 +1.0 
7.5-2.5 3 3.52 1.2 36 +1.9 
0 | 2.34 1.9 2% +1.3 
20 -7.5 Cholesterol | 2 152 1.5 12.3 + 0.9 
0 | | 1040.7 4.0 + 2.0 


in 0.025 m phosphate buffer, pH 7.0, glucose or cholesterol, the sodium salt of L- 
thyroxine as indicated, and distilled water to a final volume of 2.0 ml. The center 
well contained 0.1 ml. of 20 per cent (weight per volume) KOH and a fluted filter 
paper. Seven experiments were performed at each concentration. 


the autorespiration. p-Thyroxine, at the same concentrations, had no ef- 
fect on the rate of glucose oxidation. 

Similar experiments were carried out with colloidal cholesterol as the 
substrate. The oxidation of this sterol by the same bacterial system was 
relatively slow and erratic, in agreement with earlier observations by the 
authors (1) and by Stadtman ef al., who studied the oxidation of cholesterol 
by a soil Mycobacterium (3). However, L-thyroxine, at concentrations 
ranging from 2.0 X 10-*m to7.5 & 10-°, significantly enhanced the oxi- 
dation of the sterol under the conditions described above (Table 1). 

A few experiments were run with pL-thyroxine under similar conditions. 
Preliminary results indicate that cholesterol oxidation is stimulated by pL- 
thyroxine at concentrations of 4.5 K 10- to 3.5 K 10-4 M. 

The effects of two thyroxine analogues, L-triiodothyronine and deamino- 


3 Cholesterol, Merck, U.S. P. 
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thyroxine, were investigated under similar conditions. _L-Triiodothyronine 
accelerated the oxidation of glucose without preincubation and at concen- 


Tasie ll 


Effects of -Triiodothyronine on Oxidation of Glucose by A. aerogenes 


| 


Vo,, #l. per hr. per mg. dry weight 


| Without glucose With glucose 
= 
w xX 10° 
1.9 0 35 
1.6 0 41 
0 6 28 
1.6 3 41 
0.8 0 2 
0 10 28 
1.2 0 42 
0.8 0 37 
0 4 30 


The incubation flasks were prepared as deseribed for Table I, except that 1-tri- 
iodothyronine was used instead of thyroxine, and the glucose concentration was 
3X M. 


Tasie IIl 
Effects of Deaminothyrorine on Oxidation of Glucose by A. aerogenes 


Vos, wl. per hr. per mg. dry weight 


Deaminothyroxine 
Without glucose | With glucose 

uw xX 10-6 

SO 0 33 

40 0 | 37 
0 4 25 
2.0 3 38 
0 7 28 
0.07 0 | 39 
0 6.5 29 


The incubation flasks were prepared as described for Table I, except that de- 
aminothyroxine was used instead of thyroxine and the glucose concentration was 
3x 104M. 


trations slightly lower than those at which L-thyroxine was active (Table 
II). Cholesterol oxidation was also stimulated by triiodothyronine. The 


| 
es 
“d 
he 
ce 
r 
| 
is 
| 


444 BACTERIAL OXIDATIONS 


effect was a temporary one, however, and fell off sharply after the first 15 


or 20 minutes. , 

Deaminothyroxine also stimulated the oxidation of glucose by the Aecro- f 

bacter. No preincubation was necessary. This compound was effective 2. 
over a range of concentrations of 8 K 10-° to 6.5 K 10° Mm (Table III). 

No further tests were made to determine whether any activity was evi- . 

dent at even lower concentrations. i os 

DISCUSSION 

The results reported indicate that L-thyroxine and a number of related 7. 

8. 


compounds stimulate bacterial oxidations. L-Thyroxine is active in such 
systems over only a relatively narrow range of concentration. Although 10 
the minimal effective concentrations of the other compounds were not de- 
termined exactly, it is obvious that triiodothyronine accelerates glucose 
oxidation at somewhat lower levels and that deaminothyroxine is active 
at even lower concentrations. The relative potencies of these compounds 
in animal systems follow a similar pattern (4-6). It is possible that the 
differences in activity of the optical isomers of thyroxine and of the ana- 
logues are in part related to differences in their ability to penetrate the cell 
wall. This explanation seems plausible in view of the finding that triiodo- 
thyronine and deaminothyroxine are active without preincubation, while 
preincubation and higher concentrations are needed for the activity of 
thyroxine. 

A number of observations in the literature support the hypothesis that 
thyroxine and other substituted phenols such as 2,4-dinitrophenol may 
act by means of uncoupling phosphorylation from the oxidative process 
(7-10). The bacterial system described above may provide a useful tool 
to study this problem further. 


SUMMARY 


The effects of L-thyroxine and a few related compounds on the oxidation 
of glucose and cholesterol by resting cells of Aerobacter aerogenes were 
studied by use of a Warburg apparatus. 

The oxidation of glucose by this system was significantly stimulated by 
L-thyroxine, by triiodothyronine, and by deaminothyroxine, but not by p- 
thyroxine; triiodothyronine and deaminothyroxine were active at some- 
what lower concentrations. 

The bacterial oxidation of cholesterol was enhanced by L-thyroxine and 
pL-thyroxine under similar conditions. 


The authors are much obliged to Dr. 8. C. Rittenberg, Department of 
Bacteriology, for his interest and valuable advice. 
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STUDIES ON CATALASE INHIBITION AS RELATED TO 
TUMORS* 


By AFFONSO SEABRAf anp H. F. DEUTSCH 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 9, 1954) 


The inhibition of catalase in vitro by boiled extracts of tumors has been 
recently demonstrated (1). It was also found that fresh liver and spleen 
contained small amounts of a factor having similar action. In further 
work it was found that autolyzed liver homogenates contained large 
amounts of such inhibitory material. Studies on the rate of formation in 
liver homogenates, attempts at purification, and studies directed teward the 
elucidation of the possible nature of the responsible factor have been car- 
ried out. 


EXPERIMENTAL 


Homogenates of perfused beef and rat livers and the Jensen rat sarcoma 
served as the tissues for the preparation of boiled aqueous extracts (BAE) 
containing catalase inhibitor. Beef liver catalase (2) crystallized five times 
was utilized in studies with pure enzyme. The so called rapid (3), classical 
(4), and inverse (1, 5) methods of catalase assay were employed. In the 
last procedure the substrate is added at zero time after a suitable incuba- 
tion period of the diluted enzyme with buffer. Catalase inhibition by 
BAE or other substances was determined by incubation of test material 
with a suitable amount of purified catalase for 2 hours at 2° prior to en- 
zymatic assay. A control sample of catalase was always studied to correct 
for the activity losses of catalase in dilute solutions. The catalase activity 
of liver is expressed as the units of enzyme per gm. of dry weight of per- 
fused tissue, as used previously (1). 


Results 


Effect of Aging Liver Homogenates on Catalase Activity—Fresh perfused 
liver was homogenized in a Waring blendor, and the gross tissue portions 
were removed by filtration through gauze. A sample was then assayed for 
catalase activity by the rapid and inverse methods over an extended period 


* This work was supported in part by a grant from the Wisconsin Alumni Re- 
search Foundation. A preliminary report of this material was presented at the 
Sixth International Cancer Congress, Sao Paulo, Brazil, July 23-29, 1954. 

t Present address, Department of Biochemistry, School of Pharmacy, University 
of Brazil, Rio de Janeiro. 
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of time. The results for rat liver, Fig. 1, A, reveal a marked decrease in 
enzyme activity with time. As seen from the data of Fig. 1, B, a good deal 
of this apparent activity decrease is reversible with dilution. The charac- 
teristic rise in assay value with time during titrations by the rapid and 
classical methods has been observed previously in studies on BAE-catalase 
mixtures (1) and with lysates of sea-urchin embryo (5). The time required 
for the maximal reversal of enzyme activity as measured by the inverse 
method, 7.e. the period during which the diluted homogenate is allowed to 
stand in buffer prior to addition of the hydrogen peroxide substrate, in- 
creases with the age of the homogenate. At the 24 hour period 4 minutes 
of incubation of the homogenate in buffer were sufficient to give maximal 
activity, 60 minutes being required at the 10th day. Previous studies of 


1.0 0 
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Fic. 1. Catalase activity of 0.07 ml. of rat liver homogenate at 22° measured by 
(A) the rapid method, and (B) the inverse method, 


the effect of contact time of tumor BAE and purified catalase have demon- 
strated a similar relation (1). 

The difference in the catalase activities of the homogenate found by the 
direct and inverse assays should be a function of the catalase inhibitor 
formed. A plot of this data is presented in Fig. 2, A. BAE homogen- 
ates were prepared at intervals and assayed for their ability to inhibit 
catalase. The results, presented in Fig. 2, B, reveal qualitative agreement 
with the inhibitor curve of Fig. 2, A. 

The same effect that was noted for rat liver was also found to obtain for 
the bovine system. From Fig. 3 it can be seen that the catalase activity 
of this system was quite constant for the first 5 days and then suddenly 
decreased. The reversal effect was particularly striking at this time. 

Purification Studies—The boiled aqueous extracts of Jensen rat sarcomas 
have higher levels of catalase inhibitor than those of aged liver homogenates 
and were consequently used in this work. The 80 per cent ethanol-soluble 
portion of these extracts, prepared as previously described (1), was utilized. 
The ethanol solution was passed through a Dowex 50 column without loss 
of inhibitor activity. The filtrate from a Dowex 2 column was inactive, 
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but attempts to elute catalase inhibitor were unsuccessful. Paper chroma- 
tography of the Dowex 50 filtrate was attempted. Difficulties of identi- 
fication of active material in the eluates and of utilizing sufficient material 
on the paper to demonstrate clearly catalase inhibition made these experi- 
ments inconclusive. A disconcerting feature in attempts at purification of 
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3 9 5 10 15 

Fig. 2. Catalase inhibitor activity of (A) 0.07 ml. of homogenate, as illustrated 

by the difference in results of the direct (rapid) and inverse assay methods, and (B) 

0.3 ml. of liver homogenate of BAE on an amount of crystalline beef liver catalase 
(1.5 & 10°° M) sufficient to give a k,; of 2 K 10°? by the rapid method. 
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Fig. 3. Catalase activity of 0.03 ml. of beef liver homogenate at 22° measured 
by the direct (rapid) and the inverse methods. 


the inhibitor is the rapid loss of activity. This appears to be oxidative in 
nature. Evaporation of inhibitor preparations with small amounts of 
H.O, completely destroy the activity. This cannot be restored by treating 
with hydrogen in the presence of a palladized charcoal catalyst. Because 
of the extreme lability of the inhibitor following preliminary concentration 
to approximately 10 times the activity of starting BAE, this work was 
temporarily abandoned. 

Effect of Sulfur-Containing Amino Acids on Liver Catalase Activity in 
Vive—Sulfide and sulfhydryl compounds such as glutathione and cysteine 
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are known to be strong inhibitors of catalase (6-9). Several reports sug- 
gestive of a difference in sulfur-containing compounds of normal and tumor 
tissue are of interest in this respect. While the total sulfur content of 
tumors does not differ significantly from that of normal tissues, there is a 
marked increase in the alkali-labile sulfur (10). In liver tumors this is 
reflected in an increase in cystine and a decrease in the methionine level 
compared to the normal tissue (11). It was found that in rats given small 
amounts of cystine intraperitoneally there were substantial decreases in 
liver catalase activity compared with saline-treated controls. Typical 
results are summarized in Table I. Similar experiments with alanine, me- 
thionine, cysteic acid, glutathione, and cysteine showed no effects. 


TaBLe I 


Effect of Intraperitoneal Administration of Cystine on Level of Rat Liver 
Catalase 


Catalase activity* 
Per cent 


No. of rats Sex | Cystine injection — -| Sawennd 
Experimental Controls 
me days 
5 | 3 138i 96 31 
4 of 25 | 5 281 175 38 
5 5 32, | 


* Mean average in units per gm. of dry liver at 12 to 20 hours after the final 
cystine injection. 


The depression of liver catalase activity by cystine is not as marked as 
that usually seen in the case of rats bearing large and rapidly growing 
tumors. This could possibly be due to various factors, including the ca- 
chexia associated with rapid tumor growth. Fasting has been reported 
to lower the liver catalase activity of rats (12) and mice (13). A similar 
effect is observed in rats on protein-free diets (14). In an experiment de- 
signed to determine whether fasting would augment the effect of cystine, a 
group of male rats weighing 72 to 80 gm. was placed on a restricted diet for 
31 days prior to the daily intraperitoneal administration of 25 mg. of cystine 
for 5 days. The rats on the restricted diets gained an average of 40 gm. 
compared to 157 gm. for the controls. In the cystine-treated animals there 
was a 26 per cent depression of liver catalase activity compared with the 
restricted controls. This is the range found for rats fed ad libitum (see 
Table I) and indicates that growth restriction does not augment the effects 
of cystine. Dietary cystine supplementation sufficient to provide an ad- 
ditional 40 mg. daily over the controls caused no depression in liver 
catalase. Experiments of the latter type must be carefully controlled, for, 
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as shown in Fig. 4, the catalase activity of normal rats varies considerably 
with the age and weight of the animal. 

The above experiments clearly demonstrated that cystine in vivo was a 
good inhibitor of liver catalase activity. Microbiological assays of the 
blood serum of normal rats and rats bearing large Jensen sarcomas for 
cystine and methionine, however, reveal no differences. The methionine 
level of both groups ranged from 0.8 to 1.0 and the cystine from 1.4 to 1.5 
mg. per cent.' 


a ) 
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200} 
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Zz 100 300 400 
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Fic. 4. Catalase activity of the livers of normal rats of different weights 


II 
Effect of Cystine on Catalase Activity* of Homogenate of Perfused Rat Liver 


Incubation time 


Ohr | 1 hr. 2 hrs. 3 hrs | 8 hrs. 
Homogenate only............ 1.0 | | 0.93 0.98 
+ cystine...... | 0.90 | 0.84 | 0.75 | 0.73 


* Activities expressed as first order reaction constants < 10? given by 0.04 ml. of 
homogenate at 22° assayed by the rapid method. 


Catalase Inhibition in Vitro—Cystine does not inhibit the activity of 
crystalline catalase. However, when it is added to liver homogenate, a 
definite inhibition results (Table II). A pronounced odor of HS can be 
detected within a few minutes after the cystine addition, owing to the well 
known desulferase activity of liver. The level of inhibition (25 per cent) 
is near that found in vivo in studies with cystine. Our result with cystine 
is in contrast to the work of Balls and Hale (15) who found that cystine 
activated the catalase of liver extracts. 

In further preliminary experiments it was found that cysteine, gluta- 
thione, and sulfide markedly inhibited purified catalase, whereas cysteic 


' The authors wish to thank B. E. Kline for these assays. 
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acid and alanine were without effect. Since both cysteine and sulfide are c 
readily formed by liver tissue from cystine more detailed experiments i 
utilizing the latter two compounds were carried out in an attempt to deter- I 
1.3 
1.OF IODOACE TATE Lob JODOACE TATE t 
+ NWN or 
2 ODOACETATE + SULFIDE 
x 
a 4 0 
0.44 oat 
0.2+ 
3 e 
15 30 45 15 30 45 
TIME IN SECONDS TIME IN SECONDS 1 
5 Fig. 6 
Fia. 5. Effect of iodoacetate (0.053 mM) on cysteine (0.026 mM) inhibition of catalase a 
(7.8 10° d 
Fic. 6. Effect of iodoacetate (0.1 M) on sulfide (0.02 mM) inhibition of catalase (7.9 7 
x 10°19 Mm). 
b 
1.3 
CONTROL la 
IODOACE TATE 
N, a 
x 08 
= 
st 
0.4F TUMOR KOCHSAFT 
ti 
TUMOR KOCHSAFT 
+ IODOACE TATE 
L li 
15 30 
TIME IN SECONDS 
Fic. 7. Effect of iodoacetate (0.1 mM) on inhibition of catalase (7.8 10°'® mM) by 
tumor BAE. tr 
mine whether these substances might be responsible for or related to the 
active material of BAE of tumors and liver autolysates. : 
Reversal of Cysteine and Sulfide Inhibition of Catalase by Todoacetate— 9 
Both sulfide and cysteine strongly inhibit catalase. lIodoacetate has a 4 
slight inhibitory effect on catalase, but, as shown in Figs. 5 and 6, strongly 5 
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counteracts the inhibitory effects of cysteine and sulfide. In contrast, 
iodoacetate is ineffective in reversing the inhibition of catalase by BAE. 
Fig. 7 clearly illustrates that in this case the inhibitory effect of iodoacetate 
is additive to that of the BAKE. Thus the action of the latter material 
does not appear to be due to sulfide or to a sulfhydryl compound. Further 
proof of this is seen in the failure of iodoacetate to elevate the catalase ac- 
tivity of homogenates prepared from the livers of rats bearing tumors. 


DISCUSSION 


The presence of a substance in BAE of aged liver homogenates capable 
of inhibiting catalase zn vitro in a manner similar to that of BAE of tumors 
(1) and sea-urchin lysates (5) provides a ready source of material for study. 

The depressing action of cystine on liver catalase activity in vivo is inter- 
esting in view of the apparent rise of this amino acid in tumor tissue (10, 
11). The daily intraperitoneal administration of as little as 2 to 3 mg. per 
100 gm. of rat over a 3 to 5 day period leads to definite depression of liver 
catalase activity. It appears that cystine is converted by the liver into an 
at present unknown active compound. Whether the substance in the BAE 
discussed here is the same as that formed by tumor tissue is not known. 
The work of other investigators on tumors has only provided material capa- 
ble of inhibiting catalase in vivo (16-19). 

The question as to whether a tumor depressed the concentration of cata- 
lase or merely its activity is still a matter of speculation. It would appear 
that a means of measuring catalase accurately independent of activity 
would be of great value in the study of this problem. 


SUMMARY 


1. Aging liver homogenates in the cold results in the formation of a heat- 
stable substance capable of inhibiting catalase. 

2. The inhibitory material is relatively labile, which has to the present 
time made its concentration difficult. 

3. The intraperitoneal administration of cystine to rats markedly lowers 
liver catalase activity. 

4. Iodoacetate can partially reverse the inhibition of catalase activity by 
sulfide and cysteine in vitro, but is ineffective against boiled aqueous ex- 
tracts of tumors. 
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IMMUNOCHEMICAL STUDIES AND ASSAY OF CATALASE* 
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Determinations of the level of an enzyme in biological material have been 
based for the most part on activity measurements. In quantitative work 
these have been referred to the activity of the purified enzyme. Since 
many factors may affect enzymatic catalysis in crude systems, a more 
direct method of estimation is needed. The quantitative immunochemical 
approach immediately suggests itself with respect to enzymes that are avail- 
able in a high degree of purity. Ina preliminary approach to this general 
problem crystalline catalase was utilized. Some of the reactions of this 
enzyme with rabbit antiserum have indicated the feasibility of this type of 
enzyme assay and thrown further light on the question of enzyme in- 
hibition by antibody and the solubility of the antigen-antibody complex. 


EXPERIMENTAL 


Catalase crystallized five times was prepared from thoroughly perfused 
beef liver by a method involving preliminary fractionation of homogenates 
with cold acetone. The preparation gave a single boundary in the Spinco 
ultracentrifuge and a sedimentation constant at infinite dilution of 11.1 x 
10-8 em. per second. The partial specific volume was 0.725. If the dif- 
fusion constant of 4.1 K 10-7 sq. em. per second for horse red cell catalase 
(1) is used, a molecular weight near 236,000 is calculated. Iron was meas- 
ured by the sulfosalicylic acid method (2). A value of 0.102 per cent was 
obtained, from which a molecular weight of 220,000 is calculated if one 
assumes 4 atoms of iron per mole of protein. Assay of hematin by the 
alkaline pyridine hemochromogen procedure (3) revealed that each catalase 
molecule contained 3.2 hemes. This is in the range found by other inves- 
tigators (4-6). The molecular extinction coefficients (8) at 278 and 405 
mu were 77.8 X 107 and 70.3 X 10’ sq. cm. per mole respectively. 

The measurements of Kat. f. were made by the method of von Euler and 
Josephson (7) and by the rapid method of Bonnichsen, Chance, and Theo- 
rell (8). In this study the former method will be referred to as the ‘‘classi- 


* This study was supported in part by a grant from the Wisconsin Alumni Re- 
search Foundation. 

t Present address, Department of Biochemistry, School of Pharmacy, University 
of Brazil, Rio de Janeiro. 
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cal” procedure. The catalase preparation employed gave a Kat. f. of 
51,000. Based on a catalase molecule of four hematin groups, a value of 
64,000 is obtained. This is considerably higher than the activities usually 
reported for beef liver catalase (9-11). 

Immunochemical Procedures—Rabbits were immunized by the adjuvant 
technique of Freund and McDermott (12). The y-globulin fraction of the 
serum was separated by the method of Nichol and Deutsch (13) and recon- 
stituted in an isotonic saline-borate buffer of pH 7.4 to the desired precipi- 
tin potency. The quantitative reactions were carried out under the con- 
‘ditions previously described (14). 

Hemolysates—Beef erythrocytes were washed three to four times with 
1 per cent NaCl and then suspended to their original volume with water 
containing approximately 0.5 per cent saponin. Following this, the stroma 
was removed by centrifugation. The supernatant solutions were thor- 
oughly dialyzed against the saline-borate buffer, subjected to high speed 
centrifugation to remove suspended material, and then passed through a 
fine filter. Such hemolysates proved satisfactory for quantitative immuno- 
chemical studies. Those prepared by freezing and thawing techniques, by 
simple dilution hemolysis, or by use of lipoidal solvents such as ether, 
chloroform, and toluene were found unsuitable for immunochemical study, 
for they formed variable amounts of non-specific precipitate on standing in 
the cold. 


Results 


Quantitative Precipitin Reaction—The average results of four experiments 
for the reaction of the catalase, crystallized five times, with rabbit antibody 
are reported in Table I. A clear-cut equivalence zone was found, but the 
amount of antibody precipitated does not follow the Heidelberger and 
Kendall (15) relation of 


Abpea. = 2RAn — 

where Ab, a. is the amount of antibody (Ab) N precipitated per amount. of 
antigen (An) N added. F# is the ratioof the Ab to An nitrogen at the equiv- 
alence point and, in the system studied, is equal to 1.81. The maximal 
amount of Ab precipitated from 1 ml. of Ab prepared (Ab,,.<.) amounted 
to 190 y of nitrogen per ml. The data for the precipitin reaction were plot- 
ted to give Fig. 1, and this curve was used as the reference in calculating 
the amount of catalase N in the hemolysates assayed. 

Assay of Bovine Red Blood Cell Lysates—Five hemolysates containing 
from 18.5 to 25.8 mg. of protein nitrogen per ml. were assayed by the reac- 
tion of from 0.5 to 3.0 ml. with | ml. of the Ab preparation. After analysis 
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of the specific precipitate for nitrogen, the amount of catalase was deter- 
mined by reference to Fig. 1. The data presented in Table II reveal that 
the assay values in most cases rise with increasing amounts of hemolysate 


TABLE I 


Quantitative Precipitin Reaction of Catalase with Rabbit Anticatalase 
y-Globulin 


Supernatant tests 


Antibody Antibody N 
Antigen N added Total N pptd. | 
7.5 52.5 — + 45 26 
15.0 98 — + 83 50 
22.6 138 _ + 115 73 
30.1 165 + 135 93 
45.1 204 = + 159 128 
60.2 238 _ + | 178 156 
75.2 262 | 187 175 
105 295 190 | 190 
120 300 + - 
150 263 | + - 
237 224 + - 
395 | 182 4. | 
7 | 130 + - | 
| 
* From the Heidelberger and Kendall (15) equation. 
3200 
a 
= 200 
z 
5 100 
‘cn 
x 400 


100 200 300 
MG OF CATALASE N ADDED 
Fic. 1. Reaction of crystalline beef liver catalase with rabbit antibody 


added. The result is opposed to what might be expected for an immunologi- 
cal cross-reaction. In such a reaction the amount of specific precipitation 
is always less than that given by the homologous antigen. If such a result 
Was attained, the assay values would have shown a decrease with amount of 
hemolysate added. The per cent catalase was extrapolated to zero hemo- 
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globin concentration. An example for this for Hemolysate A is presented 
in Fig. 2. The adequacy of this procedure was established by assaying a 
single level of Hemolysate A in the presence of increasing amounts of rabbit 
red blood cell lysate. The catalase of the latter system does not react with 
rabbit Ab to beef liver catalase. The data presented in Table III reveal a 


TABLE II 


Reaction of Bovine Red Blood Cell Hemolysates with Rabbit 
Anticatalase y-Globulin 


Sample assayed | Total N pptd. Nin | 
| mi. | Y | Y | per cent | per cent 
A, 18.5 mg.N/| 0.5 49 6.5 0.070 
per ml. | 1.0 90 13.5 0.073 | 
130 21.0 0.076 
| 2.0 164 | 30.0 0.081 
192 40.5 | 0.087 | 
| 3.0 7 | 60.0 | 0.108 | 
B, 23.1 mg. N | 0.5 69 10 0.087 | 
per ml. 141 | 21 0.088 | 0.073 
2.0 ono 
C,194mg.N/ 0.5 | 53 | - | 
per ml. | 97 | 14.5 0.075 (0.077 
2.0 172 34 0.087 
| 206 416 0.079 
D,22.7mg.N| 0.5 | 76 1! 0.007 
per ml. | 1.0 | 134 22 | 0.097 0.093 
214 49 0.108 
i, 23.0 mg. N 0.5 6S 10 | 0.087 | 
per ml. 1.0 133 21 0.091 0.084 
212 48 0.104 
3.0 256 71 0.103 


* Determined by extrapolation of assay data to zero hemolysate concentration. 


rise in the assay values with increasing amounts of added rabbit hemolysate. 
Apparently a high hemoglobin concentration has the effect of increasing the 
amount of precipitate formed. The rise is not due to occluded hemoglobin 
in the specific precipitate, for after three washings with isotonic NaCl these 
are visually free of hemoglobin. 

In a preliminary experiment the application of this type of assay to the 
supernatant proteins of a homogenate of perfused calf liver yielded a cata- 
lase level near 1.5 per cent. This system likewise showed an apparent 
rise in catalase content with increasing amount of homogenate assayed. 
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Activity of Catalase in Hemolysate—The activity of these solutions was 
determined by the classical method. Variable assay results are often seen 
on aging hemolysates in the cold. Saponin in the concentrations employed 
did not appear to be responsible for this variation. After dialysis of the 
hemolysate there is usually a marked fall in the enzymatic activity. Cal- 
culation of the Kat. f. of Sample D, based on the amount of catalase deter- 
mined immunologically, is as follows: 0.03 ml. of a 1:10 dilution of the 


20 25 3.0 


mi HEMOLYSATE 


Fic. 2. Effect of hemolysate level on the immunochemical assay of catalase 


III 
Effect of Rabbit Hemolysate on Assay of Bovine Red Blood Cell Lysate 


=. Rabbit hemolysatet Total N pptd. Catalase N in ppt. 
1 1 QS 15.0 | 0.081 
I 2 123 19.5 | 0.105 
0 1 0 | 
0 2 | 


* Contained 18.5 mg. of N per ml. 
t Contained 25.8 mg. of N per ml. 


hemolysate gave a hk; of 3.3 * 10°? when assayed by the classical method. 
After 36 hours dialysis in the cold, 0.04 ml. of a 1:10 dilution gave a hy of 
24 XX 10°°. Sample D contained 0.0227 gm. of N per ml., of which 0.093 
per cent was catalase. With a nitrogen conversion factor of 6.25, it is 
found that 0.03 and 0.04 ml. of a 1:10 dilution of Sample D contained 3.97 
and 4.39 * 10-7 gm. of catalase, respectively. From the above data Kat. f. 
values of 83,000 and 45,000 for catalase of the hemolysate before and after 
dialysis are obtained. Sample E gave values of 80,000 and 55,400. The 
Kat. f. of Sample A determined after dialysis was 99,000. Samples B and 
C were not studied in this respect. Despite the technical difficulties ex- 
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perienced in the enzymatic assays, the Kat. f. values in the original hemoly- 
sates of Samples D and E and for the dialyzed hemolysate of Sample A 
are found to be higher than the activity of the purified and crystalline 
enzymes. Difficulties in the enzymatic assay and activity losses with time 
result in low values; hence the Kat. f. of native catalase is very likely higher 
than that found here and probably in the range of high activity catalases 
previously reported (16-19). If the hemolysate contained protein pos- 
sessing no enzymatic activity, but reacting immunologically as catalase, 
the Kat. f. values reported for this enzyme in the native system would also 
be low. 

Solubility of Antigen-Antibody Complex —The system under consideration 
offers a unique method for this determination. It was carried out as fol- 
lows: A specific precipitate containing 262 y of N was formed at the equiv- 
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06 
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30 ~=—s 70 
HOURS INCUBATION 
Fic. 3. Enzymatic activity of catalase in the presence of rabbit anticatalase 


alence point. This was washed, uniformly suspended, and equilibrated 
with stirring for 20 hours at 37°. The suspension was then assayed for 
catalase activity by the classical method, 0.02 ml. giving a /; of 2.8 K 10~°. 
The specific precipitate was removed by centrifugation and the supernatant 
solution assayed for enzymatic activity. 2 ml. gave a hk, of 0.7 K 10°° or 
only 0.25 per cent of that of the suspension on a volume basis. If we as- 
sume that the activity in the supernatant fluid is due to a soluble catalase- 
antibody complex and is the same as that of the specific precipitate, it can 
be readily calculated that the supernatant solution contains 0.22 y of N 
per ml. If a part of the activity is due to catalase formed by dissociation 
of the antigen-antibody complex, the solubility of the specific precipitate 
would probably be even lower. When this experiment was repeated at 
0°, the solubility was 0.20 y of N per ml. In agreement with previous 
investigators, we found that temperature variations have little effect on the 
solubility of the specific precipitates of rabbit antibody. The extent of 
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solubility of the catalase is much lower than that reported for other antigen- 
antibody complexes (20-23). 

Inhibition of Catalase by Antibody—Previous investigators (24, 25) have 
indicated that a suspension of the antibody complex of this enzyme retains 
almost complete activity. Assay of the suspended specific precipitate of 
catalase indicates that from 35 to 60 per cent of the original activity is lost. 
A non-specific y-globulin had no effect on catalase activity when studied 
under analogous conditions. 

The rate of inactivation of catalase by antibody at 25° and at 0° was 
followed by removing samples at intervals from an antibody-antigen mix- 
ture and assaying residual enzyme activity by the rapid method. These 
results, presented in Fig. 3, reveal that most of the loss in activity is almost 
instantaneous and varies little with temperature. The period of greatest 
decrease in activity is prior to the formation of a visible precipitate. Some 
variation in the percentage loss of enzymatic activity was encountered. 
This might be due to slight variations in the technique of addition of anti- 
body to antigen. 


DISCUSSION 


In the preceding paper some of the factors which affect catalase activity 
in crude tissue extracts were discussed (26). Determination of the activity 
of this enzyme in red blood cell hemolysates results in considerable varia- 
tion. The quantitative immunochemical assay appeared to be actually 
somewhat more satisfactory. Very small amounts of enzyme could be 
determined in systems containing in excess of 15 per cent hemoglobin. <A 
real value of this type of assay is that it offers a method independent of 
activity and one that is strictly quantitative. It has also revealed that 
catalase in the native state has a higher activity than the usual crystalline 
material. This would explain why various investigators have been able 
on occasion to prepare catalases of activity in excess of the usually accepted 
Kat. f. levels of 50,000 to 60,000. 

The immunochemical approach to the determination of the amount of 
enzymes in tissue extracts could find wide application in terms of those 
enzymes available in highly purified form. This supposes that a given 
enzyme will be identical in the different tissues of a given host. The ability 
to assay a beef hemolysate for catalase by means of an antibody to liver 
catalase indicates that the proteins from these sources are identical. A 
preliminary experiment by Bonnichsen (27) on the horse system is indica- 
tive of the same result. 

This type of assay will be particularly adapted to deciding the question of 
whether the decrease in rat liver catalase occasioned by the presence of a 
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rapidly growing tumor (28, 29) or the rise in activity due to testosterone 
administration (30) is merely a change in activity or a function of variation 
in actual enzyme concentration. Furthermore, it will offer a logical ap- 
proach to deciding the question whether the higher animals actually show 
adaptive enzyme responses, as has been claimed (31, 32). 


SUMMARY 


1. Rabbit antibody to bovine catalase can be used to assay quantita- 
tively red blood cell hemolysates for this enzyme. 

2. The solubility of the catalase-antibody complex has been measured 
and found to be much lower than that reported for other antigen-antibody 
systems. 

3. In contrast to previous work, it was found that a portion of the activ- 
ity of catalase is inhibited by its antibody. 
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AMINO ACID IMBALANCE AS RELATED TO TRYPTOPHAN 
REQUIREMENT OF THE RAT* 
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Experiment Station of the Alabama Polytechnic Institute, 
Auburn, Alabama) 


(Received for publication, October 18, 1954) 


In 1945, Krehl et al. (2) noted that the growth of rats was depressed by 
decreasing the casein content of a basal diet from 15 to 9 per cent through 
addition of 40 per cent of corn. The depression in growth could be cor- 
rected by addition of either niacin or tryptophan to the diet. Since this 
observation, numerous investigators have been concerned with factors 
that were considered to be related to the production of an increased re- 
quirement for niacin (3). 

However, in a recent report from this laboratory by Salmon (3) on a 
restudy of the interrelationship between tryptophan and niacin, it was 
noted that under certain dietary conditions tryptophan, but not niacin, 
was effective in correcting growth depression in rats. 

The present report is concerned with a detailed study of this initial ob- 
servation in an attempt to determine basic changes that may occur in the 
tryptophan imbalance condition. 


EXPERIMENTAL 
Methods 


Care of Animals—Weanling rats of either the Alabama Experiment 
Station strain or the Sprague-Dawley strain, 45 to 55 gm. in weight, were 
placed individually in wire-bottomed cages. Food and water were given 
ad libitum, and the animals were weighed weekly. Four or more rats 
were used per group, and essentially all experiments were repeated one or 
more times. The animals were fed the basal diets (Table 1) or modifica- 


* Part of the material in this paper was presented before the American Society of 
Biological Chemists at New York, April, 1952 (1). Published with the approval of 
the Director of the Agricultural Experiment Station of the Alabama Polytechnic 
Institute. Supported in part by a grant from the Williams-Waterman Fund. The 
authors are indebted to The Dow Chemical Company, Midland, Michigan, for me- 
thionine and tryptophan, E. 1. du Pont de Nemours and Company, Inc., Newark, 
Delaware, for methionine, the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York, for folacin, the A. E. Staley Manufacturing Com- 
pany, Deeatur, Illinois, for inositol, and Merck and Company, Inc., Rahway, New 
Jersey, for other vitamins. 
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tions of them, as indicated, for a period of 4 weeks or longer. Records of 
food consumption were maintained on nearly all animals. 
Determinations—Urine and fecal collections were made after the rats 
had been maintained on the respective diets and supplements for a period 
of at least 3 weeks. Samples were collected from individual rats placed in 
special metabolism cages over a period of 3 to 7 days. The urine samples 


TaBLe I 


Composition of Basic Dicts* 


The amounts represent gm. per kilo of diet, except for niacin which is in mg. per 
kilo of diet. 


Ingredients Diet I Diet Il Diet HE | Diet IV Diet V 
Extracted caseinf................ 70 70 100 100 300 
TS eae 10 10 40 40 40 
10 10 10 10 10 
3 3 3 3 3 
2 2 2 2 2 


The following vitamins were added, in mg. per kilo of diet: a-tocopherol 25, a- 
tocopherol acetate 25, 2-methyl-1,4-naphthoquinone 5, inositol 1000, calcium panto- 
thenate 30, thiamine 6, riboflavin 6, pyridoxine 6, folacin 1, biotin 0.5, and vitamin 
0.06. 

* Subsequent changes in the diet as noted in the text were made at the expense 
of sucrose. 

t Schaefer and Knowles (4). 

t Hove, Copeland, and Salmon (5). 

§ Salmon (6). 


were made to a known volume with water, filtered, adjusted to pH] 6.8, 
and refrigerated under toluene. Determinations for amino acids were 
made on both hydrolyzed (‘‘total’”? amino acids) and unhydrolyzed (‘‘free”’ 
amino acids) samples of urine. Aliquots of the urine samples were hydro- 
lyzed with 2 Nn HCl or 2 nN KOH in the autoclave for 8 hours at 15 pounds 
pressure, neutralized, made to volume, filtered, and refrigerated under 
toluene. 

Heparinized blood samples were obtained from the animals at the ter- 
mination of the experiments by heart puncture under light ether anesthesia. 
Food was removed from the cages 6 to 8 hours prior to obtaining the sam- 
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ples. Protein-free filtrates of the plasma were prepared immediately from 
the blood samples by essentially the procedure of Hier and Bergeim (7). 
The amino acid analyses of the urine and plasma samples were per- 
formed by the microbiological assay methods previously employed (8-10). 
Fecal and dietary nitrogen was determined by the Kjeldahl (Gunning) 


Il 
Growth of Weanling Rats Fed Casein-Grits Diets 


Average weight Average daily 


Basal No. Average 
Group “diet Treat of per rat per food con- Hb 
No. | No. rats| | sumption | values 
Experiment I. Alabama Experiment Station rats; average initial 
weight, 55 gm. 
1 I | 7% easein 22 | 3.4 5.6 10.7 
2; 1 1|7% “ + niacin 22 18.6 9.7 13.6 
3' HW + gelatin 10 | 0.9 4.4 8.4 
4 + * + niacin 14 12.4 6.9 13.6 
5 6 21.4 10.1 15.0 
tryptophan | 
6 Il 7% casein += gelatin +) 3 22.8 | 
tryptophan | 


Experiment II. Sprague-Dawley rats; average initial weight, 50 gm. 


I | 7% casein 6 10.2 
I |7% + niacin 6 24.9 
Il |7% = + gelatin 6 1.4 
10 niacin 6 15.5 


tryptophan 


* When indicated, niacin was added at a level of 25 mg. per kilo of diet and pL- 
tryptophan at a level of 0.5 gm. per kilo of diet. 


method. Corrections for endogenous nitrogen were made in the deter- 
mination of protein digestibility by feeding animals nitrogen-free diets. 
Hemoglobin values were obtained by the oxyhemoglobin method. 


Results 


Effect of Tryptophan Imbalance on Growth—I\n the initial experiments, 
the corn grits-casein diets were employed. Results obtained with these 
diets are partly summarized in Table Il. In Experiment I (Alabama 
Experiment Station strain of rats), it may be noted that the omission of the 
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niacin supplement from the diet caused a marked reduction in growth of 
the animals (Group 1 versus Group 2). The addition of gelatin to the 
niacin-deficient diet caused a further depression in growth (Group 3). 
Deaths occurred in groups maintained on this diet beyond the 8 week 
period. ‘The depression in growth could be only partially restored by the 
supplementation of niacin to the diets (25 mg. per kilo) (Group 4). How- 
ever, the addition of 0.05 per cent of pL-tryptophan to this diet completely 


TaB_e III 
Effect of Tryptophan Imbalance on Growth of Weanling Rats 


| Basal | Per centof Average weight 


Group “diet Treatment*® ingested per rat 
| No. | Se led 
Experiment I. Alabama Experiment Station rats 
| gm. 
1 III | 10% casein 24.2 
2 IV | 10% ‘* + 20% oxidized casein + M. 6.2 
3 IV | 10% +20% | 24.5 
4 lV 10% + 20% + 24.3 
+ M. 
5 V | 30% casein 26.5 
Experiment II. Sprague-Dawley rats 
6 III | 10% casein 4.5 | 26.3 
7 IV | 10% ‘* + 20% oxidized casein + M. 3.1 | 7.8 
IV | 10% ‘* + 20% 6.2 | 27.4 
+ T. | 
9 V | 30% casein 


*M. = pL-methionine, added at a level of 0.7 per cent of the diet; T. = pL-trypto- 
phan, added at a level of 0.4 per cent of the diet. 
t Average initial weight 47 gm.; four rats used per group. 


restored normal growth. Such a condition that can be corrected by tryp- 
tophan, but not by niacin, has been termed in this report a ‘‘tryptophan 
imbalance.”’ ‘The above results appear to be in close agreement with the 
initial observation of Salmon (3). 

In addition to the depression in growth, the omission of niacin from the 
diet produced a marked reduction in hemoglobin levels and severely fatty 
livers by the end of the 8 week period. 

Similar results were obtained in Experiment II (Table 11, Groups 7 to 
11) in which the Sprague-Dawley strain of rats was used, indicating that 
the imbalance effect was not peculiar to the Alabama strain. 


Gr 
N 


v1 
at 
gr 
m 
in 

| 

| 
If 

per 
CT; 
Case 
cast 
eve 
cor 
| try 
in t 


H. E. SAUBERLICH AND W. D. SALMON 467 


In later experiments, the casein-oxidized casein diets (Table I) were de- 
vised in an attempt to produce a more severe tryptophan imbalance and 
at the same time obtain a more purified diet with the elimination of corn 
grits. Results of growth experiments obtained with these diets are sum- 
marized in Tables II] and IV. It may be noted that a marked depression 
in growth to the extent of 60 to 75 per cent occurred in the rats when 20 


TABLE IV 


Effect of Tryptophan and Niacin on Growth of Weanling Rats 
(Sprague-Dawley) Fed Tryptophan Imbalance Diet 


; Average daily Average gain 
. Basal No. 
per rat period) t 
Experiment A. High niacin 
l IIL 10% casein | 4 | 9.1 21.0 
2 IV 10% =“ + 2% oxidized casein + MM. 5 6.3 7.5 
3 IV |10% +20% 8.4 21.1 
+ T. | | 
4 V 30% casein 4) 10.3 30.9 
Experiment B 
5 | HL 10% casein 7 | 120 | 23.3 
6 IV 1% + 20% oxidized casein + M. 4 9.0 | 13.0 
7 IV Same as Group 6 + 0.025% t-tryptophan 4 WO 17.5 
9 | IV 6 + 0.160% 4 12.0 | 30.0 
w Vv 4 | 140 | 39.8 


30% casein 


M. = pi-methionine, added at a level of 0.7 per cent of the diet in Groups 2, 3, 
6 to 9; T. = pL-tryptophan, added at a level of 0.4 per cent of the diet in Group 3. 

* In Experiment A, niacin was added at a level of 100 mg. per kilo of diet. 

t Initial weight of rats, Experiment A, 45 gm.; Experiment B, 55 gm. 


per cent of oxidized casein was added to the basal 10 per cent casein diet 
(Table III, Groups 1 and 2). For example, growth on the 10 per cent 
casein diet was about 25 gm. per week. Upon the addition of oxidized 
casein to the diet, growth of only 6 to 8 gm. per week was obtained. How- 
ever, the supplementation of this diet with 0.4 per cent of pL-tryptophan 
corrected the imbalance condition and restored normal growth. 

Since oxidized casein is devoid of cystine and methionine as well as 
tryptophan, the possibility exists that a methionine imbalance could occur 
in the diets tested. However, the omission of the pi-methionine supple- 
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ment from the diet produced no retardation in growth (Table III, Group 
3). The occurrence of a methionine imbalance may have been prevented 
by the methionine-sparing effect of the vitamin By». and L-cystine added to 
the diet and by the level of casein used. 

The tryptophan imbalance was produced readily with weanling rats of 
either the Alabama or the Sprague-Dawley strain (Table III). Older 
rats appeared to be less susceptible to the imbalance effects. It should be 
noted that the tryptophan imbalances were produced with diets contain- 


TABLE V 


Urinary Excretion of Amino Acids by Rats (Alabama Experiment Station) 
Fed Casein-Grits Diets 


Average Per cent of ingested amino acids excreted in urinet 
Diet food 
consump- 
tion® Tryptophan Histidine Phenylalanine = Methionine 
gm. 
7% casein 5.7 2.19 0.43 0.40 | 0.38 
+0.19 (21) +0.06 (10) +0.12 (5) +0.07 (6) 
7% “* + niacin 14.8 1.00 0.25 0.19 0.18 
+£0.09 (21) 40.05 (10) +0.05 (5) +0.05 (5) 
7% + gelatin 5.4 2.44 0.39 0.65 0.35 
+0.39 (12) +0.08 (3) +0.15 (3) +0.09 (4) 
1.67 0.18 0.11 0.09 
+ niacin +0.15 (18) +0.08 (8) +0.02 (4) +0.01 (4) 
7% casein + gelatin + 16.2 t 0.15 0.16 0.14 
niacin + tryptophan +0.03 (4) +£0.03 (4) +0.02 (4) 


* Average daily food consumption per rat during urine collection period. 

+t Microbiologically “‘free’’ amino acids; average excretion + standard error of 
the mean. The figures in parentheses indicate the number of individual samples 
analyzed. 

t Omitted because of possible contamination of urine from the diet. 


ing 25 mg. of niacin per kilo of diet. Even a level of 100 mg. of niacin per 
kilo of diet had no corrective effect on the growth depression produced by 
the tryptophan imbalance (Table IV, Groups | to 4). In contrast, graded 
levels of L-tryptophan afforded an increasing improvement in the growth 
of the rats on the imbalance diets (Table IV, Groups 5 to 10). A dietary 
supplement of 0.05 per cent of L-tryptophan to the imbalance diets per- 
mitted growth equal to the control animals fed the 10 per cent casein basal 
diet. 

The amino acid imbalances did not appear to be the result of reduced 
digestibility and absorption of the protein. Little difference existed be- 
tween groups on the various diets as to the percentage of ingested nitrogen 
appearing in the feces (Table II], Groups 6 to 9). The tryptophan im- 
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balance produced a marked lowering in the efficiency of gains of the 
animals, as may be noted from the ratios of the body weight gains to food 
consumption. 

Effect of Tryptophan Imbalance on Urinary Excretion of Amino Acids— 
When niacin was omitted from the casein-corn grits diets, an increase in 
the per cent of ingested amino acids excreted “free” in the urine occurred. 
This increase was usually about 2-fold and statistically significant (P 
= <0.01). Urinary excretion of representative amino acids is presented 


TABLE VI 


Urinary Excretion of Amino Acids by Rats (Sprague-Dawley) Fed 
Tryptophan Imbalance Diets 


Per cent of ingested amino acids excreted in urine of rats fed* 


Amino acid No. of 10% casein + 
10% casein | 30% casein 

| | tryptophan 
Tryptophan, freet...... 14. 0.75 + 0.11.87 + 0.18 t 0.54 + 0.06 
total... & 0,313.56 + 0.52 0.87 + 0.08 
Histidine, free........ 0.48 + 0,130.48 + 0.030.36 + 0.060.29 + 0.04 
“ total....... 31.28 + 0,132.96 + 1.781.22 + 0.15)1.02 + 0.26 
Leucine, free... 0.40 + 0,140.54 + 0,230.30 + 0.030.17 + 0.03 
“ total... 3 0.55 + 0.151.74 + 0.810.78 + 0.1610.59 + 0.17 
Phenylalanine, free... 30.30 + 0.050.58 + 0.150.26 + 0.0110.21 + 0.03 
“ total... 3 0.64 + 0.061.61 + 0.760.85 + 0.090.76 + 0.25 

Food consumption§. . | 14 13.6 6.7 12.4 | 16.4 


* Average excretion + standard error of the mean. 

t Microbiologically ‘‘free’’ amino acids; total after hydrolysis. 

t Omitted because of possible contamination of urine from the diet. 

§ Average daily food consumption in gm. per day per rat during urine collection 
period. 


in Table V. It may be noted that the degree of urinary loss of tryptophan, 
although limiting in the diet, was actually increased when niacin was 
omitted from the diet. Niacin or tryptophan supplement to the casein- 
corn grits diets reduced the urinary losses of amino acids. 

The urinary excretion of amino acids by rats fed the oxidized casein 
imbalance diets was also increased 2- to 3-fold over that of control ani- 
mals (Table VI). For example, the total urinary loss of histidine on the 
imbalance diet was 2.96 per cent of the ingested histidine compared to a 
loss of 1.22 per cent on the same diet supplemented with 0.4 per cent of 
DL-tryptophan. Control animals on the 10 per cent or 30 per cent casein 
diets excreted in the urine 1.28 and 1.02 per cent of the ingested histidine, 
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respectively. Niacin was ineffective in preventing the urinary losses of 
amino acids. Again a significant increase in the urinary loss of tryptophan 
was noted in the rats fed the imbalance diet (0.75 to 1.87 per cent; P = 
<0.01). 


TaBLe VII 
Amino Acid Content of Plasma of Rats Fed Tryptophan Imbalance Diets 


Amino acid content of plasma, y per ml.* 


Diet 


Tryptophan Methionine Valine | Glycine Histidine 
kixperiment A. Alabama strain 
7% casein 26.0 13.7 32.3 | 23.9 11.6 
(11) (20) 42.4 (5) | 41.4 (15) (16) 
7% “* + niacin 39.5 13.4 27.0 | 18.7 11.2 
+2.9 (15) 40.5 (24) 41.8 (8) 41.2 (16) (19) 
gelatin | 17.8 14.1 26.2 46.2 12.0 
+1.1(3) 40.5 (5) 43.2 (2) | 45.3 (5) | 43.5 (5) 
+ 26.0 14.3 24.4 52.4 11.5 
niacin +1.9 (11) +0.7 (19) 42.4 (4) +4.8 (17) 41.3 (11) 
7% casein + gelatin + 27.0 12.7 24.6 51.8 9.5 
niacin + tryptophan +1.1 (2) (14) 40.8 (4) 46.4 (13) 40.2 (11) 


experiment B. Sprague-Dawley 


10% casein | 12.5 | wa | 
2.1 0.8 (12), 42.8 (12), 2.1 (7) 
10% “ + W%oxi-| 11.6 36.0 26.2 


dized casein + me-  +1.0 (15) +0.6 (12), +4.2 (6) +4.6 (3) 
thionine : | | | 


10% casein + 20% oxi- «(16.7 35.0 IS.S8 | 
dized casein + me-  +1.7 (14) 42.0 (8) 43.7 (11)) 42.7 (4) | 
thionine +  trypto- | | | 
phan | | | 

30% casein 32.7 | 31.7 21.0 | 


+2.9 (12) 41.5 (12)) 43.6 (11) 42.4 (4) 


* Average + standard error of the mean; the figures in parentheses indicate the 
number of individual samples analyzed. 


i ffect of Tryptophan Imbalance on Amino Acid Content of Plasma—The 
tryptophan imbalance produced a marked lowering in the free tryptophan 
level of the plasma. For example, in experiments employing the casein- 
corn grits diets, the omission of niacin significantly lowered the tryptophan 


content of the plasma from 39.5 to 26.0 y per ml. (Table VII, Experiment | 


A; P = <0.01). The addition of gelatin to the diet further reduced the 
tryptophan content of the plasma. The other amino acids determined 
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did not appear to be significantly affected by the omission of niacin from 
the diet. However, the addition of gelatin did increase considerably the 
glycine content of the plasma, reflecting perhaps the high glycine content 
of this protein. 

In Experiment B (Table VII), the oxidized casein-tryptophan imbalance 
diet was used. The addition of the 20 per cent of oxidized casein to the 
basal 10 per cent casein diet produced a lowering of the free tryptophan 
content of the plasma (23.0 to 11.6 y per ml.; P = <0.01). Supplementa- 
tion of the imbalance diet with tryptophan increased the plasma level of 
tryptophan to that of control animals fed a 30 per cent casein diet (34.3 
and 32.7 y per ml., respectively). 

The imbalance did not appear to affect greatly the other free plasma 
amino acids measured. ‘The glycine level did appear to fall with an in- 
creased level of casein in the diet. Supplementary experiments confirmed 
this when it was noted that the free glycine in the blood progressively de- 
creased when the casein level in the diet was progressively increased from 
5 to 50 per cent. 


DISCUSSION 


From the results of the present study, it is apparent that the tryptophan 
requirement of the rat is not a constant factor, but is related to the diet 
employed and in particular to the protein or nitrogen level of the diet. 
When oxidized casein or gelatin, proteins devoid of tryptophan, was added 
to the basal diet, growth depression occurred that could be corrected by 
supplements of tryptophan. When 20 per cent of oxidized casein was 
added to the 10 per cent casein basal diet, an increase in the tryptophan 
level of the diet from 0.14 per cent to about 0.19 per cent of the diet was 
necessary in order to obtain comparable growth. This represents an in- 
crease of about 30 per cent in the tryptophan requirement of the rat when 
the protein in the diet was tripled. Salmon (3) found that the tryptophan 
requirement of the rat was 0.17 per cent of a casein-corn grits diet that 
contained 20 per cent protein and adequate niacin. When the diet con- 
tained only 10 per cent protein, the tryptophan requirement was only 
0.10 per cent of the diet. 

In the present study, niacin was without effect in correcting the im- 
balance. This can be explained readily on the basis that the basal diet 
contained adequate niacin, and hence no further sparing effect on trypto- 
phan would be expected. Only under those conditions in which trypto- 
phan is being used for niacin synthesis would the addition of niacin to the 
diet be expected to have an effect. 

A number of possible explanations may be offered for the increased 
demand for tryptophan when the protein content of the diet is increased. 
The efficiency of utilization of the dietary tryptophan appears to be de- 
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pressed on the high protein diets, as was noted from ratios of food con- 
sumption and growth gains. The lowered utilization does not appear to 
be due to a lowered digestibility and absorption of the protein and trypto- 
phan. It is conceivable, though, that a selective failure in tryptophan 
absorption could have occurred, although tryptophan analyses of the feces 
did not indicate such. It is recognized, of course, that intestinal bacterial 
action could have masked such possible effects. 

However, the amino acid analyses of urine and plasma indicated that an 
imbalance condition existed. This was noted from the increased loss of 
tryptophan and other amino acids in the urine and from the marked lower- 
ing of the tryptophan level in the plasma. Other studies have revealed 
that amino acid deficiencies, vitamin deficiencies, and mineral deficiencies 
may greatly increase the urinary loss of amino acids by the rat or mouse 
(11-13). The increased loss of amino acids produced by the tryptophan 
imbalance may reflect an attempt by the animal to remove the excess 
unused amino acids. In so doing, tryptophan is also lost. However, 
the loss of tryptophan in the urine does not appear to be sufficiently great 
to account alone for the pronounced depression in growth of the animals. 

The lowered plasma concentration of tryptophan is of interest in this 
respect. This effect, accompanied by the increased urinary loss of trypto- 
phan, could very likely retard enzymatic ability and activity in protein 
synthesis. When tryptophan is added to the diet, a normal balance in 
the necessary plasma amino acids is obtained and protein synthesis can 
again proceed normally. 

The amino acid imbalance and depression in plasma tryptophan may be 
related to an over-all effect of the tryptophan-low protein or to only spe- 
cific amino acids in the protein. Such specific antagonisms have been 
noted in many instances with microorganisms (10, 14, 15). Similarly, the 
imbalance effect may be due to an increased or decreased protein turnover 
rate in the animals. Studies incorporating the use of radioisotopes are 
under way in this laboratory on these phases of the problem. 


SUMMARY 


1. An amino acid imbalance was produced by feeding a casein-gelatin 
diet or a casein-oxidized casein diet. 

2. The reduction in growth of the animals due to the imbalance could be 
corrected by dietary supplements of tryptophan, but not by addition of 
niacin alone. 

3. Protein digestion and absorption appeared to be similar for all groups. 

4. The percentage of free and total tryptophan (and certain other amino 
acids) excreted in the urine by the rats on the imbalance diets was 2- to 
3-fold over that excreted by control animals or by animals receiving sup- 
plements of tryptophan. 
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5. The imbalance produced a marked lowering of the plasma level of 
tryptophan, which was corrected by dietary supplements of tryptophan. 
The other plasma amino acids did not appear to be affected significantly. 
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THE DARK AEROBIC METABOLISM OF ACETONE 
BY THE PHOTOSYNTHETIC BACTERIUM 
RHODOPSEUDOMONAS GELATINOSA* 


By JACK M. SIEGEL ann ARTHUR A. SMITH 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock, Arkansas) 


(Received for publieation, October 26, 1954) 


Among the Athiorhodaceae that are adapted to oxygen it has been ob- 
served by van Niel (1) that substrates which can be metabolized photo- 
synthetically also can be metabolized aerobically in the dark. This ob- 
servation has served largely as the basis for the conclusion that radiant 
energy is not involved in a direct activation of the substrate. wn under- 
lying assumption to this conclusion is that the same enzyme or group of 
enzymes is involved in the photosynthetic as well as the dark aerobic 
metabolism of the substrate. 

The present investigation was undertaken to test the validity of this 
assumption for a particular substrate, acetone. Acetone was selected as 
the substrate for two reasons. First, the photosynthetic metabolism of 
acetone by Rhodopseudomonas gelatinosa was recently investigated and, 
second, alternative pathways for the metabolism of acetone have been 
established. Under photosynthetic conditions it was found that acetone 
condensed with CO, to form acetoacetate, which was split into 2 molecules 
of acetate (2). Under aerobic conditions, in the intact rat, it was found 
that acetone was oxidized to acetate and a l-carbon fragment that behaved 
like formate (3). In addition, a soil diphtheroid has been isolated that 
oxidized acetone to acetol, an anticipated intermediate in the oxidative 
cleavage of acetone (4). 

The results of the present investigation indicate that the same metabolic 
pathway is followed in the dark aerobic metabolism of acetone by RP. 
gelatinosa as in its photosynthetic metabolism. Thus it may be inferred 
that the initial metabolic reactions are catalyzed by the same enzymes in 
either type of metabolism. 


Methods 


The bacteria were grown aerobically in the dark by procedures similar 
to those described by Kohlmiller and Gest (5). 1 liter Florence flasks were 


* Journal Series No. 1162. This investigation was supported in part by the United 
States Atomic Energy Commission under contract No. AT(40-1)-1077. A prelim- 
inary report of this investigation was presented at the 123rd meeting of the American 
Chemical Society, Los Angeles, March 15 to 19, 1953. 
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filled with 400 ml. of growth medium (6) containing 0.2 per cent acetone 
as the substrate, and inoculated with 10 ml. of a 2 to 3 day-old culture 
grown in a rich yeast extract medium. The flasks were sealed with sterile 
rubber stoppers, and each day they were opened aseptically to replenish 
the supply of oxygen. Rubber stoppers were used instead of cotton plugs 
to prevent loss of CO2 and acetone. Each flask was wrapped with alumi- 
num foil to exclude light, and the suspensions were aerated by shaking on 
a mechanical shaker. The incubations were carried out at about 30°. 
Under these conditions the growth rate was somewhat lower than under 
photosynthetic conditions. 

After 48 to 72 hours of incubation, the bacteria were harvested by cen- 
trifugation, washed once with 0.05 mM phosphate buffer, pH 7.0, and resus- 
pended in 0.05 m phosphate buffer to a final cell density of 5 to 7 mg. of 
dry weight per ml. 

Except for a few minor modifications, all other methods used were the 
same as those described previously (2). All incubations were carried out 
under aerobic conditions with air as the source of oxygen. 


Results 


Conversion of Acetone-1,3-C™ to Acetate—Resting cells, suspended in 
phosphate buffer, were incubated in the presence of acetone-1 ,3-C™ and 
acetate aerobically in the dark in modified Dixon-Keilin vessels. In an 
additional two vessels the acetate was omitted. After appropriate incu- 
bation periods the reactions were terminated by tipping in H3PO, from a 
side arm, and the CO2 was absorbed by opening the special stop-cock, con- 
taining KOH solution, to the center well. After dismantling the vessels, 
the KOH solutions were quantitatively transferred to small volumetric 
flasks and the cell suspensions to centrifuge tubes. The cellular material 
was removed and washed twice by centrifugation, and the supernatant 
solution and first wash were retained for the isolation of residual acetic 
acid. The acetic acid was isolated by steam distillation, the amount de- 
termined by titration with 0.01 nN NaOH, and an aliquot assayed for C". 
In addition, the remaining fractions (COs, cellular material, and non- 
volatile soluble substances) were assayed for C“ and represented unidenti- 
fied metabolic products of acetone. 

The results of this experiment are presented in Table I. When acetate 
was present as a trapping agent, 25 to 30 per cent of the total C'™ metabo- 
lized was found in the volatile acid fraction. In the absence of added 
acetate, the same total activity was found in the metabolic products for an 
equivalent incubation period, but only a very small percentage of the 
activity was located in the volatile acid fraction. These results indicate 
that acetone was converted to acetate. The relatively high specific ac- 


Ac 


tl 
m 
in 
ga 
a 
in 
b 
p 
til 

M 
th 
as 
m 
ac 
CO 
fre 
CO 
be 
th 
cu 
ac 
ve 
ti 


J. M. SIEGEL AND A. A. SMITH 477 


tivity of the residual acetate suggests that the acetate was an early inter- 
mediate in the aerobic metabolism of acetone. 

Incorporation of C“%O:, into Acetate—The extent of incorporation of C“%O, 
into acetate during the dark aerobic metabolism of acetone was investi- 
gated by incubating a resting cell suspension in phosphate buffer with 
acetone, acetate, and NaHC'QO;. The non-specific incorporation of C“O, 
into acetate was determined by controls containing acetate and NaHC"Qs, 
but no acetone. ‘The suspensions were treated in the same manner as the 
previous experiment. 

The results of three separate experiments are summarized in Table IT. 
In each case it will be noted that, in the presence of acetone, 10 to 15 
times as much COs was fixed (see the last column) as in its absence. Of 


TaBLe 
Conversion of Acetone-1,3-C'* lo Acelate* 
Additions | acetate, | activity. | | metabolic” 
hrs. pumoles c. p.m. c. p.m. 

54.2 690 32,100 102,000 
35.3 1110 39 , 300 | 121,000 
| 0.75 Trace 3300 63 , 500 


* Each vessel contained initially 30 wmoles of acetone-1,3-C'™ (specific activity, 
7310 ¢.p.m. per wymole) and 12 mg. of cells (dry weight) suspended in 2.4 ml. of 0.04 
mM phosphate buffer, pH 7.0. Where indicated, 60 wmoles of acetate were added. 


the total C" fixed in the presence of acetone, as much as 70 per cent was 
associated with the volatile acid fraction. In the absence of acetone a 
much smaller fraction of the total C™ fixed was associated with the acetic 
acid. Thus when the specific activities of the acetic acid fractions are 
compared, it is noted that in the presence of acetone the values ranged 
from 35 to over 100 times greater than in its absence. Such differences 
could not be accounted for on the basis of excessive dilution of the C¥O, 
because, in each case, the final specific activity of the CO» with acetate as 
the only substrate was equal to or greater than the specific activity of the 
COz in companion vessels containing acetone plus acetate. 

Incorporation of (“Os into Acetoacetate—Resting cell suspensions were in- 
cubated with acetoacetate and NaHCO, in the presence and absence of 
acetone. The suspensions were shaken in the dark in ordinary Warburg 
vessels fitted with two side arms. Incubation was terminated by acidifica- 
tion to pIT 4 with H;PO, and the liberated CO. was absorbed in KOH 
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added through the vent into one of the side arms. The KOH solution 
then was removed quantitatively from the side arm and the vessel was 
detached from the manometer. Remaining traces of C“O. were removed 
by adding 0.2 ml. of 0.3 m NaHCO; solution to the suspension, followed by 
2 minutes of aeration. The Warburg vessels were then reassembled with 
citric acid and aniline citrate, respectively, in the two side arms, and the 
residual acetoacetic acid was decarboxylated with aniline citrate. The 


TaBLeE II 


Formation of Labeled Acetate during Dark Aerobic Metabolism of Acetone in 
Presence of C'*O.2 and Acetate 


Experiment Incubati bee Specific | | Total activit Total C™ 

"Noe Additions "period | activity | *tivityof| ““Gfacetate’ | fixed 
of COs acetate 

hrs. c. p.m. c.p.m. 

I Acetone 1.5 2370 333 13,440 25 ,600 

None 1.5 2680 5 70 1,700 

Acetone 2.5 1500 352 7,550 23 ,000 

None 2.5 1600 10 80 2,300 

II Acetone 1.0 6010 647 41,700 57 , 200 

None 1.0 5260 5 200 3,700 

Acetone 1.75 3110 $32 57 , 700 90 , 300 

| None am 75 | 4260 21 | 700 6, 500 

Acetone 3100 283 10,700 40,500 

| None 4000 6 105 4,310 


* Experiment I, each vessel contained 8 mg. of bacteria (dry weight), 20 umoles of 
CMO, (specific activity, 5000 c.p.m. per ymole), and 40 wmoles of acetate in 0.04 
phosphate buffer, pH 7.0; total volume, 2.5 ml. Where indicated, 20 umoles of ace- 
tone were added. Experiment II, each vessel contained 13 mg. of bacteria (dry 
weight), 20 umoles of CO, (specific activity, 8640 ¢.p.m. per umole), and 60 umoles 
of acetate in 0.04 m phosphate buffer, pH 7.0; total volume, 2.5 ml. Where indicated, 
40 umoles of acetone were added. Experiment III, same as Experiment II, except 
that the specific activity of the CO, was 10,270 c.p.m. per umole. 


volume of liberated COs. was determined and later absorbed in KOH by 
the technique described above. The remainder of the fractionation pro- 
cedure was the same as before with the addition that the acetone resulting 
from the decarboxylation of acetoacetate, plus any residual acetone, was 
recovered quantitatively. The acetone was subsequently degraded to io- 
doform and acetate. 

The foregoing separation and degradations provided the following frac- 
tions: (1) residual C“Os, (2) COz originating from the carbonyl group of 
acetoacetate, (3) iodoform originating from the methyl and methylene 
carbons of acetoacetate, (4) acetate originating from the carboxyl group 
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and the average of methyl and methylene carbons of acetoacetate, and (5) 
acetate produced metabolically during the incubation period. All frac- 
tions were assayed for C™ and the results converted to specific activities. 
In calculating the specific activity of the products derived from the acetone 
moiety of acetoacetate, only the amount which could have originated from 
the residual acetoacetate was considered. 

The results of this experiment are presented in Table III. First, it will 
be noted that the specific activity of the acetoacetate carboxyl carbon was 
11 to 17 times greater in the presence of acetone than in its absence. Sec- 
ond, it is observed that most of the activity was found in the carboxy] 
group of acetoacetate. Residual acetoacetate from the 0.5 hour incuba- 


III 
Formation of Labeled Acetoacetate during Dark Aerobic Metabolism of Acetone 


in Presence of C402 and Acetoacetate* 


Final Aceto- Aceto- Aceto- 

Additions activity of meth or Residual 

hrs c.p.m. per c.p.m. per | c.p.m. per| c.p.m. per | c.p.m. per 
umole pmole umole umole 
0.5 1920 322 5 1 120 
1.25 1200 325 35 0.5 174 
None 0.5 2050 28 1 1 6 
1.25 1050 19 0 0.5 5 


* Each vessel contained initially 50 umoles of acetoacetate, 20 umoles of NaHCO; 
(specific activity, 3850 ¢.p.m. per wymole), 12 mg. (dry weight) of bacteria, and 0.04 
M phosphate buffer, pH 7.0, in a total volume of 2.5 ml. About 20 umoles of acetone 
were added as indicated. 


tion with acetone contained 65 times as much activity in the carboxyl 
position as in the carbonyl position. This ratio dropped to a value of 9 
in the longer incubation period. Finally, it should be noted that the 
specific activity of the acetate that accumulated during the incubation 
period was roughly one-half of the specific activity of the acetoacetate 
carboxyl carbon. Degradation of the acetate revealed that all of the C™ 
was located in the carboxyl group. 


DISCUSSION 


The experiments with acetone-1 ,3-C™ indicate that the carbon atoms of 
acetone participate directly in the formation of acetate. Similarly the 
experiments with NaHCO; indicate that the acetate also is derived, in 
part, from CO». The formation of labeled acetate from C™O, was found to 


occur only in the presence of acetone, and subsequently it was shown that 
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all of the activity was located in the carboxyl group. From these results 
it may be inferred that CO: is incorporated into acetate by the carboxyla- 
tion of acetone or a derivative of acetone. 

Two mechanisms can be postulated for the formation of labeled aceto- 
acetate during the incubation of acetone and C“O:. One possibility is 
that acetoacetate is produced directly by the carboxylation of acetone 
(Equation 1) and then breaks down to form acetate (Equation 2). 


(1) CH;COCH; + C*O2, — CHsCOCH:C*O0OH 
(2) CH;sCOCH.C*OOH — 2CH;C*OOH 


The other possibility is that acetoacetate exchanges with labeled acetate 
(Equation 3), which is produced by the condensation of C“Os. with a 1- 
carbon fragment derived from acetone (Equations 4 and 5). 


(3) CH;COCH.2COOH + 2CH;C*OOH — CH;C*OCH.C*OOH + 2CH;COOH 
(4) CH,COCH, CH;COOH + C, 
(5) C, + CH;C*OOH 


Superficially it would appear that the two mechanisms could be easily dis- 
tinguished by determining the ratio of the C™ content of the carboxy] 
and carbonyl groups of the residual acetoacetate. According to Equation 
1, all of the activity should be located in the carboxy] group, and according 
to Equation 3 the activity should be equally distributed between the two 
groups. 

Two mitigating circumstances tend to obscure this difference. First, it 
has been observed that the splitting of acetoacetate to acetate by R. 
gelatinosa is a reversible reaction. In the presence of labeled acetate, pro- 
duced by either mechanism, this results in the labeling of the carbony| 
position of acetoacetate. Second, it has been shown that the incorporation 
of C into acetoacetate according to Equation 3 results in asymmetrically 
labeled acetoacetate. Recently Beinert and Stansly (7) found that, when 
acetoacetate and carboxyl-labeled acetyl coenzyme A were incubated with 
a partially purified enzyme system from pig heart, the activity of the 
carboxyl carbon of acetoacetate was 2 to 3 times greater than the carbonyl! 
carbon. Similar values have been obtained with intact R. gelatinosa when 
carboxyl-labeled acetate was used instead of acetyl coenzyme A.' Thus 
either mechanism can result in asymmetrically labeled acetoacetate, al- 
though quantitative differences may be expected. 

In the present investigation (Table IIT) the activity of the acetoacetate 
carboxyl carbon was 65 times greater than the activity of the carbonyl 
carbon. This ratio is much greater than the highest value observed for 


1 Unpublished data. 
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an exchange process. When the incubation period was increased to 1.25 
hours, the ratio decreased to a value of 9. This may be ascribed to the 
greater participation of the exchange reaction during the longer incubation 
period. In the absence of added acetone, the residual acetoacetate con- 
tained less than one-tenth of the activity when acetone was present, but 
again it was observed that the distribution of C'™ was highly asymmetric. 
The degree of asymmetry was considerably greater than that observed for 
a pure exchange process and was probably due to the presence of small 
amounts of acetone introduced as an impurity in the acetoacetate solution 
or produced by decarboxylation of acetoacetate during the incubation 
period. 

The two mechanisms for the formation of labeled acetoacetate can also 
be distinguished by the relative specific activities of the residual aceto- 
acetate and the accumulated acetate. According to Equation_2 the spe- 
cific activity of the acetate, on a molar basis, should be one-half of the 
specific activity of the acetoacetate. On the other hand, if acetate was 
the precursor of labeled acetoacetate by an exchange reaction (Equation 
3), the specific activity of the acetate should be greater than the specific 
activity of the acetoacetate, at least during the early part of the incubation 
period when the specific activity of the acetate is increasing. In the pres- 
ent investigation (Table III), it was found that the accumulated acetate 
had a specific activity slightly less than one-half of the specific activity of 
the residual acetoacetate. This result is consistent with the concept that 
the acetoacetate is the precursor of acetate and that the labeled acetoace- 
tate was produced by the direct carboxylation of acetone. 

As a result of these studies it may be concluded that the dark aerobic 
metabolism of acetone proceeds by the same pathway as in the photosyn- 
thetic metabolism. From this it may be inferred that the same enzymes 
are utilized in the initial metabolic reactions of acetone in either case. 

The carboxylation of acetone to form acetoacetate does not represent an 
oxidation in the usual sense of the term, and therefore O» or light must be 
required to supply the necessary energy only. Since, under the two condi- 
tions, the same enzyme or enzymes are involved in the carboxylation reac- 
tion, the energy from either source must be converted to a common form 
prior to the actual involvement of the substrate. Thus it is highly unlikely 
that either O» or radiant energy is involved in a direct activation of ace- 
tone. 


SUMMARY 


The pathway of the dark aerobic metabolism of acetone by Rhodo- 
pseudomonas gelatinosa was investigated with C™-labeling techniques. The 
results indicate that acetone undergoes direct carboxylation with CO, to 
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form acetoacetate, which is the precursor of acetate. This pathway coin- 
cides with that previously observed for the photosynthetic metabolism of 
acetone. 

These findings are discussed in relation to the mechanism of bacterial 
photosynthesis. 


Addendum—Since this paper was submitted for publication, Frenkel (8) has 
demonstrated a light-induced formation of adenosine triphosphate from adenosine 
diphosphate and orthophosphate in cell-free enzyme preparations of Rhodospirillum 
rubrum. This finding supports the conclusions reached in this paper. 
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DIETARY EFFECTS ON LIPOGENESIS IN ADIPOSE TISSUE* 


By F. X. HAUSBERGER anp 8S. W. MILSTEINT 


(From the Departments of Anatomy and Biochemistry, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, September 13, 1954) 


In an earlier communication we compared lipogenesis from glucose in 
the hepatic and adipose tissue of rats fed a stock diet (1). The present 
study deals with the influence of the nutritional state of the animal on 
lipogenesis within adipose tissue. The results presented here confirm the 
superiority of lipogenesis in adipose tissue over that found in hepatic 
tissue and suggest that the liver may play a supplementary rdéle in the 
synthesis of fat from carbohydrates. ‘They indicate also that the rate of 
fat synthesis from carbohydrates is more markedly influenced by the fat 
than by the carbohydrate content of the antecedent diet. 


EXPERIMENTAL 


Treatment of Rats—-Male Wistar rats weighing 300 gm. and more were 
used. Their weights were recorded for several weeks prior to the experi- 
ment, during which time they received stock diet. Only animals showing 
an average daily weight gain of 2 to 3 gm. were employed. The special 
diets were fed ad libitum for at least 14 days before sacrifice. The compo- 
sition of the diets, including the stock diet (Purina dog chow checkers), 
and other data pertaining to the experiments are presented in Table I. 
The weight gain of most animals was slightly impaired during the periods 
in which the special diets were fed compared with the preceding period on 
the stock diet. 

Incubation and Analytical Procedures—Preparation of the tissues and 
incubation techniques have been described elsewhere (1). Pooled tissues 
from three rats, 7.e. 200 mg. from each, were used per flask. The medium 
contained uniformly labeled glucose in a final concentration of 400 mg. per 
cent. The incubation was conducted at 37° for 3 hours. A slight modifi- 
cation of the method of Masoro et al. (2) was used for the determination 
of the tissue fatty acids. The radioactivity of the evolved carbon dioxide 
and of the fatty acids was determined according to Entenman et al. (3). 


* This investigation was supported by a research grant (No. A-78(C)) from the 
National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service. 

t To be submitted in partial fulfilment of the requirement for the degree of Doctor 
of Philosophy in Biochemistry, Jefferson Medical College. 
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Results 


Diclary Leffects on Adipose Tissue Lipogenesis ~The results, expressed in 
percentage conversion per gm. wet weight of tissue, are summarized in 
Table Il. Lipogenesis was abolished during prolonged fasting and during 


Tasie I 
Composition of Diets and History of Rats 


Composition of diets, gm. 


| | per 100 gm. diet 
Fat hydrate Protein | 

la ‘ 
ib Fasted S 322 | —8.9 
2a 
ob A 14 60 1.2 26 369 —O.8 
14 35 34 15 341 SC +1.9 
"s Cc 15 13 55 6 | 338 | +48.4 
5a 22 395 +1.7 
5b Dd 22 0.8 70 15 418 +1.6 
5e 14 327 —0.8 
6a Stock ° 6.3 4.7 27 405 +9.6 
ng A 16* 60 1.2 | 26 322 +10.7 
= B 16* | 35 34 15 | 327 +8.9 


All diets but the stock diet contained 4 per cent Mendel-Osborne salt mixture, 

4 per cent veast, 0.3 per cent wheat germ, and cod liver oil each, and approximately 

10 per cent fiber. Fat was given as Mazola, carbohydrates as sucrose, and protein 

as casein. The components contained in the oils and in the veast are included in 
the figures of the table. The stock diet was Purina dog chow checkers. 

* All rats received protamine zine insulin (Lilly); on the Ist day 2 & 4 units, cn 

the 2nd day 2 & 6 units, and on the 3rd day 8 units, about 3 hours before sacrifice. 


feeding of Diet A, high fat. This diet resembles the quantitative compo- 
sition of the metabolic fuels which are used by the organism during fasting. 
Diet B, containing equal amounts of fat and carbohydrate, induced a 
slight fat synthesis. The utilization of glucose for fat formation rose to a 
significant level when Diet C was fed, but it was below the value previ- 
ously observed in rats fed the stock diet (1). Feeding the practically 
fat-free, high carbohydrate diet (Diet D) increased adipose tissue lipo- 
genesis to the highest rate observed in normal rats. 
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There was little correlation between utilization of glucose for fatty acid 
synthesis and the rate of conversion to carbon dioxide. 

Hepatic Glucose Utilization by Rats Fed Carbohydrate-Rich, Non-fat Diet 
—In three rats hepatic lipogenesis was determined after feeding Diet D. 


TaABLeE II 
Dietary Effects on Lipogenesis and Oxidation by Adipose and Hepatic 
Tissues 
| | Per cent glucose ay gm. 

| Fatty acids 

Adipose tissue 

Ib | | 0 0.39 
2a) A 0.17 | 79 
2h 0.16 | 80 | 0 | 0.32 
3a B 0.17 | 79.7 | 60.14 0.33 
3b | 0.17 | 73.6 0.15 0.36 
4a C 0.18 | 75.0 0.96 2.9 
4b 0.19 | 75.0 | of 0.71 
5a | 0.23 | 80 — 2.6 

5b D 0.22 | 80 14.8 3.1 
5c 0.23 79 1.85 2.1 

6a Stock* 0.21 75 3.9 3.1 
7a ae 0.16 82 0.8 0.43 
7b 0.16 7 0.13 0.52 
8a Re | 0.22 7 0.52 0.85 
8b 0.17 77 0.35 0.70 

Liver 
5a D 3.0 7.8 a | 94 


* Insulin-treated; see foot-note to Table I. 


It was lower than lipogenesis by adipose tissue from the same animals 
(Table II). 

Effect of Insulin on Adipose Tissue Lipogenesis during Feeding of High 
Fat Diets—Administration of protamine zine insulin for 60 hours to rats 
fed the stock diet produced an increased formation of fatty acids and COs». 
This effect was much less pronounced after feeding the high fat diets (Diets 
A and B, Experiments 7 and 8). 

Influence of Mincing Adipose Tissue on Lipogenesis—-The adipose tissue 
used in these experiments, that is, the thin peripheral part of the testicular 
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fat body, presents a rather intact anatomical structure, whereas the liver 
slices have two large injured surfaces. An experiment was performed to 
establish whether injury of the fat tissue by cutting produces significant 
change in its lipogenic activity. Two 600 mg. samples of testicular tissue 
were taken from one animal, and one was finely cut with scissors. The 
lipogenic activity of this minced tissue was compared with that of the thin 
part of the testicular fat body which was prepared in the usual manner. 
In addition, minced adipose tissue from other areas of the animal was 
investigated. ‘The results are presented in Table III. The higher lipo- 
genic activity of the brown, scapular fat tissue is probably related to the 
higher protein content of that tissue. 


Tas.e III 
Lipogenesis by Adipose Tissue from Different Regions of Same Animal 
Minced 
Non-minced, 
Testi« Subcu- 
ular® Perirenal | apular 
% conversion to fatty acids per L.A7 1.40 1.07 0.05 2.28 
gm. tissue | 

% conversion to CO» per gm. tissue 1.25 0.9 1.4 6.6 


* Thin peripheral part of testicular fat body. 
t Inguinal. 


DISCUSSION 


Fasting or feeding a high fat diet abolished lipogenesis in adipose tissue 
and reduced glucose oxidation markedly. This observation is in agree- 
ment with the findings of Masoro et al. (4) on hepatic glucose utilization 
and the finding by Hausberger and Jachtorowycz (5) that adipose tissue 
of fasted rats has lost its ability to synthesize glycogen from glucose in 
vitro. Lipogenesis increased to the highest levels on a high carbohydrate, 
fat-free diet. Such a diet promotes not only especially high glycogen (6, 
7) and total carbohydrate levels, but also increases glycolysis in adipose 
tissue (6). It is interesting to note that lipogenesis was greatest when the 
dilution by the endogenous carbohydrates present in the fat cells was 
presumably the highest. As a result of this metabolic dilution, our per- 
centage conversion rates are probably minimal. 

It should be noted that the caloric percentage of carbohydrates in Diet 
C was slightly greater than in the stock diet, which contained approxi- 
mately half the amount of fat in Diet C. In earlier experiments (1) adi- 
pose tissue lipogenesis was found to be almost twice as high when the 
stock diet was fed as with the previous feeding of Diet C (Table IT). The 
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rate of lipogenesis from available carbohydrates seems to be regulated by 
the fat of the food, as well as by the carbohydrate content per se. Our 
data suggest, as do those of Masoro et al. (4), that the protein content of 
the diet does not exert a major influence on lipogenesis. 

Our finding that exogenous insulin during fasting or feeding a high fat 
diet has almost lost its ability to stimulate lipogenesis and oxidation of 
glucose indicates that the diminished glucose utilization during fasting or 
feeding a high fat diet is not caused by lack of insulin. Since the carbo- 
hydrate utilization of the hypophysectomized animal depends also on the 
animal’s previous nutritional state (8), it may be assumed that the changes 
producing the altered responsiveness of the tissues are autonomous. 

In an earlier study (1) we observed in rats fed a stock diet a very low 
hepatic lipogenesis, whereas the values of Masoro et al. (4) were about 50 
times higher. However, the rats in their experiments received a fat-free 
carbohydrate-rich diet. We investigated fat synthesis by liver slices in 
three rats fed a similar diet (Diet D, Experiment 5a). Hepatic lipogenesis 
was 1.25 per cent, a value similar to that found by Masoro. Feeding the 
same diet also stimulated lipogenesis in adipose tissue, which again con- 
siderably exceeded that found in the liver. If the in vitro capacities of 
these tissues are a reasonable measure of their physiological réles, one can 
hardly avoid the conclusion that fat synthesis by the liver is supplementary 
to that by adipose tissue. The liver may contribute to lipogenesis possibly 
only under special conditions. The assumption that adipose tissue is the 
main site of lipogenesis is supported by the observation of an unimpaired 
lipogenesis in functionally liverless, eviscerated rats (4). Hausberger (9) 
has expressed the opinion that adipose tissue may play an active and im- 
portant part in fat and carbohydrate metabolism, an opinion amplified by 
the present studies. It seems quite possible that not only disturbances 
like certain forms of obesity are caused by a faulty mechanism of that 
tissue in which fat synthesis and deposition take place, but also the “lipo- 
plethoric diabetes” described by Lawrence (10). 


SUMMARY 


Utilization of radioglucose by adipose tissue in vitro has been investi- 
gated under various nutritional conditions. Fasting or feeding of a high 
fat diet abolishes lipogenesis and greatly diminishes glucose oxidation. 
Pretreatment with insulin has little stimulating effect on glucose utilization 
in adipose tissue of rats fed a high fat diet. The rate of lipogenesis from 
available carbohydrates seems to be regulated not only by the carbohy- 
drate content of the diet; glucose utilization increases as the carbohydrate 
content increases or the fat content decreases. The lipogenic activity of 
the adipose tissue was found to be superior to that of the liver of the same 
animals. 
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THE PARTITION OF MANGANESE AMONG ORGANS AND 
INTRACELLULAR ORGANELLES OF THE RAT* 


By LAURENCE 8. MAYNARD anp GEORGE C. COTZIAS 


(From the Division of Physiology, Department of Medicine, Brookhaven 
National Laboratory, Upton, New York) 


(Received for publication, November 3, 1954) 


The essential metabolic rdle of manganese in the animal organism has 
long been a matter of record. It was an early finding that intravenously 
injected manganous salts are removed quickly from the blood stream (1), 
leaving the body somewhat less rapidly by way of the biliary tract (2). 
In the course of studies on the kinetics of manganese, our observations led 
us to surmise the existence in the body of a mechanism whereby the man- 
ganese is temporarily diverted in transit, entrapped, and then gradually 
released. Such a mechanism, with the resulting rapid movement of the 
element into the entrapping system, would provide an explanation for the 
lack of agreement noted in previous studies of this metal’s distribution in 
organs (3-7). 

The isotope used in this study, Mn**, has the advantage of being readily 
available to us in sufficiently high specific activity so that dosages need 
not exceed levels of normal tolerance. The short half life of this materia! 
confined our attention to the early portion of the distribution process, be- 
fore reabsorption and redistribution of the isotope became a factor to con- 
fuse interpretation of the results. 

From distribution studies in organs, a correlation became apparent be- 
tween the richness in mitochondria of a given organ and its ability to 
concentrate manganese. We, therefore, extended our studies to include 
the mitochondrial uptake of this element in vivo, to determine whether 
these organelles were a preferential site of manganese accumulation and 
presumably of its metabolic activity. 


Distribution of Manganese in Certain Organs 


Methods—Mn* (half life 2.59 hours) was prepared by thermal neutron 
bombardment (Mn** (n', y) Mn®*) of manganous sulfate powder' in the 
Brookhaven Nuclear Reactor. A dose of 100 uwe., containing 38 y of Mn** 


* This work was su ported by the Atomic Energy Commission. This paper was 
awarded an A. Cressy Morrison Prize by the New York Academy of Sciences, De- 
cember 2, 1954. 

'Spectrographic checks of the purity of our material were made through the 
courtesy of Morris Slavin, Department of Chemistry, Brookhaven National Lab- 
oratory. It was found necessary to use polyethylene bottles for liquid reagents. 
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in 0.5 ml. volume, was injected intraperitoneally into each of a series of I 
eight Sherman rats weighing 200 + 30 gm. One group of four animals . 
was sacrificed by rapid exsanguination 15 minutes later, and another group t 


of four after 1 hour. Selected organs were removed and weighed, and 
weighed portions placed in glass counting vials. The samples were counted 
in a well type scintillation counter (NaI (TI) crystal), filtered to record 


only y-radiation. Counting geometry was constant.2 The counts of the 8 
organs were compared with the counts of a suitable dilution of the injected 1 
S THE RATE OF DISAPPEARANCE OF Mn°® 
= FROM THE BLOOD OF HUMAN AND RAT 
1.0F O—o HUMAN 
0.8}- 
0.6} RAT 
25 
we 0.4 
Be 
02 
L 
aa Ol 
S008 
Ox 
0.06 
& T 
= 0.04 B 
M 
002;- 
MINUTES AFTER ADMINISTRATION OF DOSE ; 
1 
R 
dose after corrections for radioactive decay were made. The per cent of ol 
the injected dose taken up per gm. of tissue was calculated for each organ. T 
Results—The disappearance of manganese from the blood is both rapid P 
and extensive, as can be seen in Fig. 1. The similarity of behavior ob- fr 
served in a human subject and in the rats suggested that manganese uptake 
in the human parallels that of the rat. di 
It will be noted (Table I) that liver, pancreas, and kidney have the high- lin 
est concentrations of the isotope, while skeletal muscle and brain are x 
2 Sample volumes from 0 to 2 ml. did not change the counting geometry. Deter- in 
mined through courtesy of E. ik. Stickley, Division of Medical Physics, Department se 
of Medicine, Brookhaven National Laboratory. Wi 
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lowest. These tissues with the highest uptake of manganese have been 
reported to be rich in mitochondria (8, 9). The uptake of the isotope by 
these intracellular bodies was therefore studied. 


Manganese Partition among Organelles of Rat Liver Cell 


Methods—Six rats were injected intraperitoneally with Mn** and with 
same dosage as in the study on organ distribution. They were sacrificed 
} hour later by decapitation. The livers were removed and weighed, and 
weighed portions of each were homogenized in cold 0.25 M sucrose. Frac- 


TaBLe | 
Uptake of Mn** by Various Organs 
Per cent of dose per gm. of tissue. 


15 min. after injection 1 hr. after injection 

Mean deviation | Mean | eviation 

gm. 

8.56 + 1.711 | 4.05 1.669 3.06 0.708 
Pancreas... 1.28 + 0.229; 3.30 0.614 | 2.70 1.109 
Kidney ...-| 1.72 2 0.256| 1.2 0.331 1.43 0.329 
Heart... 0.74 + 0.096) 0.41 0.117 | 0.50 0.147 
Thyroid. . 0.018 + 0.0045) 0.39 | 0.171 0.40 0.138 
Bone... 21.3% + 2.88 | 0.15 | 0.034 | 0.22 | 0.054 
88.6" + 12.05 0.062 0.029 | 0.070 0.017 
Blood... 0.058 0.019 0.028 0.011 
Brain stem. O45 & 0.065 0.083 0.009 0.046 0.004 
hemispheres. ...... 1.06 +4 0.077 0.028 | 0.006 0.037 0.003 


* Weights of these organs calculated from Donaldson (21). 

tionation was performed by the method of Schneider and Hogeboom (10). 
Radioactivity was determined on aliquots of the initial homogenate and 
of the ‘“‘nuclear,’’ mitochondrial, microsomal, and supernatant fractions. 
Total nitrogen was measured by the micro-Kjeldahl technique of Hiller, 
Plazin, and Van Slyke (11) as an estimate of the amount of tissue in each 
fraction. 

To measure the loss of manganese from the particulate matter of the cell 
during the multiple washings required by the fractionation procedure, the 
liver homogenate from a rat injected with Mn** was centrifuged at 80,000 
< gy for 45 minutes, and the supernatant fluid was removed and tested for 
radioactivity and nitrogen content. The sediment was washed and re- 
sedimented in fresh cold 0.25 mM sucrose five times. Aliquots of each wash 
were analyzed for Mn** and nitrogen content. 
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Conversely, it was necessary to test the possibility that a considerable 
part of the apparent mitochondrial uptake was due to passive adsorption 
of manganese from the solution onto the surface of the inactive mitochon- 
dria. To do this, freshly prepared mitochondria in cold 0.25 mM sucrose 
were incubated from 20 minutes to 3 hours at room temperature with an 
Mn°* solution containing 0.5 we. of Mn** and 0.19 y of Mn** in a 10 ml. 
volume, and the removal of the isotope from the solution was measured 
after centrifuging the mitochondria. 

Results—About three-fourths of the manganese radioactivity is found in 
the organelles of the cell, and of this the mitochondria contained about 
two-thirds (Table II). In terms of radioactivity per unit nitrogen, the 


TaBLe II 
Uptake of Mn** by Organelles of Rat 


| Liver cell 


| Uptake of fractions, per | Uptake of fractions per 
Fraction | cent of whole liver le tissue N (whole 
Average N per uptake iver activity = 1.000) 
ml. fraction 
Standard | Standard 
Mean | deviation | 
moles | | 
12.34 3.4 16.4 3.57 | 0.95 0.164 
Mitochondria................./I4.3 & 2.7) 41.3 | 15.02 | 1.97 | 0.564 
14.3 + 6.5 15.0 | 2.39 0.77 | 0.138 
43.2 + 13.1) 28.9 6.55 O54 0.155 
65.4 + 17.6 101.6 1.00 


mitochondria contained almost twice the concentration of manganese com- 
pared to whole liver, while in all the other fractions the concentration was 
lower than in the unfractionated homogenate. Statistical evaluation of 
these data, by the analysis of variance (12), revealed that a high degree of 
statistical significance can be attached to both sets of data. The prob- 
ability of the observed variation among means occurring by chance is much 
less than 1 per cent. Furthermore, there was no significant departure from 
the observed intracellular distribution, even when the rats were sacrificed 
6 minutes and 2 hours after the injection of the isotope, although the total 
liver content of manganese was altered. 

Employing of the intracardiac route in place of the intraperitoneal 
changed neither uptake nor the intracellular partition of manganese. 

That passive adsorption of the element onto the resting mitochondria 
was not a factor of importance is evident in that, on the average, less than 
10 per cent of the Mn** was removed from the solution by the mitochon- 
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dria in vitro, a negligible figure in comparison to the uptakes in vivo previ- 
ously described (Table IT). 

Conversely, the loss of the isotope from the organelles into the super- 
natant fraction was readily apparent from a consideration of the amounts 
of Mn** and of tissue nitrogen removed by each wash: If the Mn°*:N ratio 
of the initial supernatant fluid is expressed as 1.00, that of the succeeding 
five washes was 3.49, 3.79, 9.70, 7.12, and 11.51. It can be seen that an 
ever increasing proportion of manganese was removed with each suc- 
ceeding wash. 

These findings demonstrate that the intracellular distributions obtained 
by our methods represent minimal values for the particulate matter of 
the cells and maxima for the soluble fraction. Redistribution in vitro by 
adsorption of Mn*® on the mitochondria appears to be minimal. 


DISCUSSION 


The total amount of manganese administered to our animals was kept 
within physiological limits, on the order of 5 per cent of the daily dietary 
intake.2 Thus, we avoided both toxic effects and the possibility of satur- 
ating an active transport mechanism and thereby altering the kinetics of 
the metal. 

The rate of disappearance from the blood of this element forms a curve 
(Fig. 1) which can be graphically analyzed into three or more components. 
This is compatible with a multicompartmental system, one with high con- 
centration and others with lesser concentrations of manganese, and led us 
to search for a site of high influx of this substance. From our organ dis- 
tribution data, it was readily apparent that there was no obvious correla- 
tion between metabolic activity and manganese uptake (Table I) of the 
tissues studied. Furthermore, the high concentration in skeletal muscle 
of such manganese-activated enzymes as hexokinase, prolidase, isocitric 
dehydrogenase, phosphoglucomutase, and others (13, 14) was not re- 
flected by its manganese uptake. On the other hand, the concentration 
of the element in mitochondria-rich organs, such as liver, pancreas, and 
kidney, was impressive. The low uptake of brain tissue is an apparent 
exception to this observation, which may be due to a blood brain barrier 
effect against the passage of metal. From these findings, it seemed quite 
probable to us that the mitochondria represented the site of high influx of 
manganese for which we were seeking. Our studies on liver cell fractiona- 
tion (see Table II) indeed display an impressive accumulation of the iso- 
tope in these organelles. That the mitochondrial concentrations thus 
found are minimal and the supernatant concentrations maximal is demon- 
strated by the effect of repeatedly washing the former. Our data also 


3 Purina fox chow; analysis supplied by the manufacturer. 
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demonstrate insignificant uptake of manganese by resting mitochondria 
in vitro. The nature of the transport mechanism for manganese is now 
being investigated. 

In speculating about the function of manganese in the intracellular 
milieu, it is noteworthy, however, that the accumulation of manganese by 
the mitochondria to an extent far exceeding that of the other cellular com- 
ponents does not agree with our expectations from some of the available 
cytochemical data. To cite as an example an enzyme system active in 
protein metabolism and well studied by enzymologists, arginase, which 
requires manganese for activation, both in vitro (15) and in vivo (16), is 
not primarily a mitochondrial enzyme (17). In contrast, the most striking 
biochemical property of mitochondria has been shown to be their content 
of enzymes related to the respiratory activity of the cell (18). It seems 
quite probable that the concentration of manganese in the mitochondria 
is a reflection of its rdle as a respiratory cofactor. This view is supported 
by the work of Kenten and Mann on plant peroxidase systems (19), who 
found that the oxidation of p-cresol by peroxidase was accompanied by an 
oxidation of Mn*+* to Mn**+, with subsequent return to the Mn++ state. 
Recent additional confirmation for this hypothesis is found in studies by 
Lindberg and Ernster (20), which demonstrated marked stimulation of 
oxidative phosphorylation in isolated mitochondria with addition of man- 
ganous ions to the system. 


SUMMARY 


1. Intraperitoneally injected radioactive manganese (Mn**) is rapidly 
distributed, concentrating primarily in organs rich in mitochondria. 

2. Liver cell fractionation studies confirm the assumption that the mito- 
chondria are the principal intracellular site of manganese uptake. 

3. The observed distribution of manganese would be compatible with its 
functioning as a respiratory cofactor. 
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REVERSAL OF ALCOHOL TOXICITY BY GLUTAMINE 


By JOANNE M. RAVEL,* BARBARA FELSING, EDWIN M. LANSFORD, Jr., 
ROBERT H. TRUBEY, ann WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, November 5, 1954) 


Growing evidence, recently summarized by Mardones (1), supports the 
conclusion that certain materials such as liver and yeast contain a nutri- 
tional factor, as yet unknown, which reduces the voluntary ethanol intake 
of experimental animals. Although several individual known vitamins of 
the B complex have been shown to produce this effect (2, 3), Mardones re- 
ported that in some animals a liver supplement induces a still further de- 
crease in voluntary ethanol intake. Some desirable effects of nutritional 
supplements upon human alcoholism have been reported (4). In view of 
these results, and of the need for further information about the mechanism 
of alcohol toxicity and protection against it, a search was made for princi- 
ples in liver extract and other natural materials which might prevent the 
inhibitory effect which ethanol and certain other alcohols exert upon 
growth of Streptococcus faecalis. The isolation of a liver factor which pre- 
vents the toxicity of alcohols for S. faecalis has been accomplished in the 
present investigation. The factor has been identified as glutamine. 


EXPERIMENTAL 


Methods—Cultures of S. faecalis (ATCC 8043) were maintained by con- 
ventional bacteriological practices. Cells for inoculation of assay medium 
were grown in yeast extract-peptone medium (5) for 20 to 24 hours at 30°, 
centrifuged, washed once with sterile 0.85 per cent sodium chloride solu- 
tion, centrifuged, resuspended in 10 ml. of the saline, and diluted 1:50 
with saline. Samples to be assayed were diluted with water to a volume 
of 5.0 ml. in 20 & 150 mm. lipless Pyrex tubes, which were then capped 
and sterilized by steaming for 15 minutes. The double strength medium 
was prepared and steamed separately for 15 minutes, cooled, and inocu- 
lated with 0.5 ml. of the dilute suspension of S. faecalis per 100 ml. of 
medium, and 5.0 ml. were added, with sterile pipettes, to each assay tube. 
The alcohol supplements were then added to each tube in the amounts 
shown in Tables I and II. For routine assays the aleohol supplement was 
added to the batch of sterilized medium before addition of the medium to 
the tubes. 


* Eli Lilly and Company Predoctoral Fellow, 1953-54; Rosalie B. Hite Postdoc- 
toral Fellow, 1954. 
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Assay Medium—Double strength basal medium containing acid-hydro- 
lyzed casein, described previously (6), was supplemented with uridine (10 
y per 10 ml.) (7), Tween 80 (1 mg. per 10 ml.) (7), purines-pyrimidines and 
glucose as described previously (6), and vitamins as also described by 
Lansford and Shive in the same reference (6), with the exception that (a) 
the tabulated amounts of vitamins were dissolved in 30 instead of 100 ml. 
of water and (b) calcium pantothenate (3 mg. per 30 ml. of vitamin supple- 
ment) was included. Typical curves representing growth response of S. 
faecalis under these conditions to glutamine, and to hot water extract of 
liver, are shown in Fig. 1. 


MG CHARCOAL TREATED LIVER EXTRACT 


607% ; 
© 
240 
lJ 
ita 
< 
5 -O-LIVER EXTRACT 
@ GLUTAMINE 
5 20 25 30 


10 
r GLUTAMINE (per mi) 


Fic. 1. Reversal of ethanol (0.3 ml. per 10 ml.) toxicity by liver extract or glu- 
tamine. Test organism, S. faecalis, incubated 18 hours at 30°. 


Isolation Procedure. Preparation of Hot Water Extract of Liver—¥resh 
hog liver was cut into small pieces, mixed with an equal weight of water, 
and homogenized in a Waring blendor. The homogenate was steamed for 
30 minutes and filtered; the residue was stirred into an equal weight of 
hot water and filtered, and the two filtrates combined. After determi- 
nation of the dry solid content, Darco G-60 (weight equal to one-half the 
dry weight of liver solids present) was added, stirred 30 minutes, and re- 
moved by filtration. The charcoal-treated extract was used in the follow- 
ing concentration procedure. 

Dowex 50 Column—Liver extract (750 ml.) containing 30 gm. of solids 
was allowed to run through a column composed of 40 gm. (air-dried) of 
Dowex 50 (hydrogen phase) resin suspended in water. After the column 
had been washed with 1 liter of water, the active principle was eluted with 
50 per cent acetone-5 per cent concentrated ammonium hydroxide. The 
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yield of active principle, by assay with S. faecalis, was 50 per cent in the 
first 300 ml. of eluate, with about 3-fold purification of the activity (7.e., 
6-fold weight purification). 

Super Filtrol Column—The above eluate (300 ml.) was evaporated to 
dryness, and the residue dissolved in 75 per cent ethanol. A portion of 
this solution, equivalent to 160 ml. of the Dowex 50 eluate and containing 
2.66 gm. of solids, was passed through a column composed of 40 gm. of 200 
mesh Super Filtrol suspended in 75 per cent ethanol. The column was 
next washed with 66 per cent ethanol, and the active principle then eluted 
with 50 per cent ethanol, with a 25 per cent over-all yield of activity, and 
7.5-fold over-all purification. 

Amberlite IRA-400 Column—The 50 per cent ethanol eluate from the 
Super Filtrol column was evaporated to dryness, and the residue was dis- 
solved in a small amount of water. A portion of this solution_equivalent 
to 3.6 gm. of the original 30 gm. of liver extract solids, and containing 120 
mg. of solids, was passed through a column composed of 8 gm. (air-dried) 
of IRA-400 resin (chloride phase). The resin column was washed with 
water, and the active principle eluted with 1 per cent acetic acid (about 25 
ml.), with a 20 per cent over-all yield of activity, and 16-fold over-all 
purification. 

Alumina Column—The eluate from the resin column was evaporated to 
dryness, dissolved in a small volume of 66 per cent ethanol-water, and 
passed through a column composed of 10 gm. of activated alumina (Alcoa) 
suspended in 66 per cent ethanol. After the column had been washed with 
66 per cent ethanol, the active principle was removed by elution with 60 
ml. of 50 per cent ethanol, with a 20 per cent over-all yield of activity, 
and 64-fold over-all purification. 

Identification As Glutamine—The material from the alumina column, 
when compared with L-glutamine by assay with S. faecalis, showed an 
apparent glutamine content of 65 per cent. More material of the same 
purity was obtained by processing the remainder of the Dowex 50 eluate 
through the same subsequent steps. Pure glutamine was then isolated by 
crystallizing the 65 per cent material from 80 per cent ethanol; the product 
was then recrystallized and characterized by its x-ray diffraction pattern, 
which was identical with that of L-glutamine. 


Results 


Under the assay conditions described above, various alcohols are in- 
hibitory to the growth of S. faecalis, as shown in Table I. During the 
isolation work, either ethyl or n-propyl alcohol was employed in the assay 
medium; n-propyl! alcohol appears slightly preferable since less volatilizes 
during incubation of the assay tubes. 
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While the assay was being employed for the isolation of the liver factor, alco 
various known compounds not already present in the medium were tested was 
hh 
TABLE I toxi 
Comparative Toxricities of Various Alcohols Was 
Test organism, S. faecalis 8043; incubated 17 hours at 30°. as ¢ 
| Galvanometer readings* abo 
Alcohol of | 
| Methyl Ethyl n-Propy! Isopropyl| n-Butylt | sec-Butyl | ter/-Butyl | n-Amylt 
all are 
tube 
0 77 64 tent 
0.01 55 extr 
0.02 27 
0.05 76 72 75 54 75 74 9 as t] 
0.07 38 A 
0.1 80 7 54 68 13 60 66 
0.2 72 45 7 24 10 20 ov 
0.3 49 8 4 6 5 8 the 
0.4 17 5 5 spar 
50 
* A measure of culture turbidity; distilled water reads 0, an opaque object 100. vene 
t Separate experiment. P 
TaBLE II othe 
Reversal of Alcohol Inhibitions by Glutamine 
Test organism, S. faecalis 8043; incubated 17 hours at 30°. A 
Galvanometer readings has 
L-Glutamine | Alcohol (amount shown per 10 ml. tube) — 
Ethyl, | n-Propy!, Isopropy!,| #-Butyl, sec-Butyl,* tert-Butyl, n-Amyl,* 
| 0.3 ml. 0.2 0.3 | O15 ml. | 0.3 ml. | 0.05 ml. 
y per 10 mi. | | 2. B 
0 9 10 8 13 14 of 9 3. Be 
1 | 98 | 
2 42 31 26 32 30 15 19 4. W 
5 ——«BO 43 32 39 40 20 35 5. M 
10 «56 52 48 50 53 26 39 6. L: 
20 aa 56 57 51 53 36 31 7.H 
50 78 | 64 57 59 65 #53 47 
100 | | | | 49 53 
* Separate experiment. 
for ability to reverse this toxic effect of alcohols, and glutamine was found 
to be comparatively effective, as indicated by the data of Table II. In 
addition to the alcohols listed in Tables I and IJ, several other 5-carbon 
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alcohols were tested and found less inhibitory than n-amyl]; their toxicity 
was also prevented by glutamine. 

In order to establish that the liver principle which reversed alcohol 
toxicity is actually glutamine, the isolation procedure, presented above, 
was carried to completion. Applied to hot water extract of liver prepared 
as described above, the assay indicated that the liver extract solids are 
about 1 per cent as active as glutamine. Comparison of hot water extract 
of liver with other natural extracts by means of the S. faecalis-alcohol 
assay indicates that corn steep-liquor and some batches of cabbage juice 
are about equivalent to the liver extract in activity, per unit weight con- 
tent; other batches of cabbage juice were 2 to 5 times as active. Liver 
extract E-1302 (Eli Lilly and Company) and yeast extract (Difco) are 
about one-half as active, and enzymatic casein hydrolysate twice as active, 
as the hot water liver extract described. 4 

Attempts to carry out recovery experiments with the S. faecalis-alcohol 
assay upon liver and the natural extracts mentioned above have indicated 
the presence of other principles in these natural materials which exert a 
sparing effect upon the activity of known glutamine. Thus, the apparent 
50 per cent loss in activity mentioned in the Dowex 50 isolation step may 
represent, not a loss of glutamine, but a separation of it from one or more 
other sparing principles. 


SUMMARY 


A factor which prevents the toxicity of alcohols for Streptococcus faecalis 
has been isolated from hot water extract of liver, and identified as gluta- 
mine. 
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VOLUNTARY ALCOHOL CONSUMPTION BY RATS 
FOLLOWING ADMINISTRATION OF 
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(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, November 5, 1954) 


A number of investigators (1, 2) have postulated the presence of un- 
known factors in natural materials which will decrease the voluntary alco- 
hol consumption of experimental animals. Since Ravel et al. (3) have 
demonstrated that glutamine is effective in reversing the inhibition of 
growth of Streptococcus faecalis caused by the inclusion of small amounts of 
alcohol in the medium, it seemed desirable to carry out a preliminary study 
to determine the effects of glutamine on the voluntary consumption of 
alcohol by rats. This paper is a report of that study. 


EXPERIMENTAL 


Thirty Wistar rats (designated as the H strain in previous communica- 
tions from this laboratory), fifteen male and fifteen female, at 6 months of 
age were kept in separate cages in a temperature-controlled room. At- 
tached to each cage were two bottles, one containing tap water and the 
other 10 per cent alcohol. The bottles were emptied, washed, and re- 
filled, and the positions of the bottles alternated every 2 to 5 days. The 
animals were fed Purina laboratory chow throughout the experiment. In 
order that each animal might serve as its own control, the quantity of al- 
cohol consumed by each animal on the control diet was measured every 2 
to 5 days for a period of 55 days. 

From this group nineteen rats, seven male and twelve female, were then 
selected on the basis of their higher alcohol consumption for glutamine ad- 
ministration. Each animal was fed daily 100 mg. of glutamine mixed with 
ground laboratory chow for a period of 9 days, and measurements were 
made of the alcohol consumed. 

The nineteen rats were then divided at random into two groups. During 
the following 17 day period, one group (four males and six females) con- 
tinued to receive 100 mg. of glutamine orally each day, while those in the 
other group (three males and six females) were injected each day intraperi- 
toneally with 50 mg. of glutamine dissolved in 1 ml. of 0.85 per cent sodium 
carbonate solution. The rats receiving glutamine orally were injected with 
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1 ml. of sodium carbonate soiution. The aleohol consumed by each ani- 
mal was measured as before. 


TABLE | 
Effect of Glutamine on Alcohol Consumption by Rats 


| Period of glutamine | | 
| administration | | 


| 


| | cent 
| | change in 
| | | — | | Next 17 | following B Resa 
Rat No.) Sex Weight, gm. glutamine days, days, 100 Average glutamine | 
| administra- | mg. per | consump- | administra-— glutamine 
| tion, 55 days day, Tatper | tion for tion, 63 days 
day, 26 day tion 
given period 
| y orally | 


Average alcohol consumption (ml. per 100 gm. rat per day) for rats of Group I 


| 


1 | F. | 233 | 0.84 | 0.14 | 0.21 | 0.18 | 0.69 -79 
2|“« | 227 | 0.82 | 0.23 | 0.48 | 0.39 | 0.75 —25 
4); “ | 201 | 0.89 | 1.02 | 0.92 | 0.95 | 1.05 +07 
5 | 0.89 0.63 0.67 0.66 — 26 
6 se 203 0.32 0.40 0.32 O35 O52 +09 
7 ve 239 0.51 0.24 0.26 | 0.2 | 0.73 | -—5l 
17 M 332 0.27 0.14 0.32 | 0.26 | 0.18 | —04 
18 ' 388 0.41 0.066 0.06 0.06 0.21 —85 
377 0.33 0.17 | 0.23 | 0.21 0.26 | —36 
0.27 | 0.05 | 0.13 | 0.12 | 0.21 | —56 
0.53 0.31 0.36 0.34 0.55 | —35 


Average alcohol consumption (ml. per 100 gm. rat per day) for rats of Group II 


8s 240 | 0.84 | 0.41 | 0.66*| 0.58 | 0.30 ~31 
0.64 0.13 | 0.33 | 0.89 —48 
10 0.39 | 0.28 0.35") 0.33 0.74 —15 
13 “ 219 0.38 | 0.59 | 0.88" 0.78 0.98 +105 
0.41 0.19 0.69% | 0.51 0.60 +24 
| 0.70 1.02 | 0.98* | 0.99 0.89 +41 
22 | M. | 363 0.34 | 0.37 | 0.38*| 0.38 | 0.40 +12 
0.42 0.12 0.05* | 0.08 0.11 —81 
30 | “ | 365 0.38 0.15 0.32%) 0.26 0.20 —32 
gs 0.50 0.36 0.53* | 0.47 0.57 —03 


* Glutamine (50 mg. per rat per day) intraperitoneally instead of orally. 


At the end of the 17 day period, all the rats were returned to a pellet diet 
and their alcohol consumption was measured for an additional 63 days. 

The average amount of alcohol consumed daily by each of the animals 
during each of the four periods is presented in Table I. 
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DISCUSSION 


As can be seen from Table I, glutamine administered orally appears to 
be a relatively effective agent in decreasing the voluntary consumption of 
alcohol by rats. In the first group of rats the daily consumption was only 
65 per cent as great during the 26 days of glutamine administration as dur- 
ing the previous control period. It is worth noting that, while one rat 
drank only 15 per cent as much and another only 21 per cent as much dur- 
ing the period, glutamine was almost wholly ineffective in reducing the 
alcohol consumption of three rats of this group. This is further evidence 
that in experimental animals individuality in metabolism exists (4), and is 
in confirmation of the genetotrophic concept (5, 6). ° 

In this connection it may be pointed out that the nutritional status of 
the closely related compound glutamic acid has been in a state of confusion 
for a number of years. Investigators have repeatedly reported improve- 
ments in the intelligence level of mentally deficient children upon adminis- 
tration of glutamic acid, only to have other investigators report that no 
such improvement was observed. The fact that some mentally deficient 
individuals do show large gains as a result of glutamic acid therapy while 
others show no response at all probably is responsible, at least in part, for 
this confusion. Foale (7), for example, working with a group of mentally 
deficient children, found that the difference between the responses of the 
group on glutamic acid therapy and the control group was small; however, 
the “intelligence level’? of some individuals on glutamic acid therapy 
showed fairly large gains (as much as eleven points), while none in the 
control group improved more than three points. 

As with other nutritional supplements which have previously been found 
to reduce alcohol consumption in animals (8), the effect of glutamine does 
not persist long after its discontinuance. During the 63 day period fol- 
lowing administration of glutamine, every animal in the first group except 
one returned to a higher rate of aleohol consumption than during the gluta- 
mine period. 

The data on the second group of rats seem to indicate that glutamine is 
much less effective when injected than when fed orally. The animals of 
this group drank only 72 per cent as much alcohol when fed glutamine as 
during the control period, but when glutamine was injected the alcohol 
consumption returned to a level equivalent to that of the control period. 
The possibility of increased alcohol consumption due to a shock reaction 
from the injection was minimized by injecting the animals of the first 
group with an equivalent amount of sodium carbonate solution. The ques- 
tion arises as to whether glutamine must be transformed in the intestinal 
tract to some other agent in order to be effective. 

Statistical analysis of the data presented in Table I reveals that, for all 
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nineteen rats taken as a group, the difference in mean alcohol consumption 
during the 9 day oral glutamine supplementation period as compared with 
the previous control period was significant at the 5 per cent confidence level 
(P = 0.95; t = 2.15). When the data were expressed as gm. of alcohol per 
rat per day and a similar statistical analysis was made, the difference was 
significant at the 1 per cent confidence level (P = 0.99; t = 3.09). 

We now have similar experiments under way comparing the effects of 
glutamine, glutamic acid, and other nitrogen supplements on alcohol con- 
sumption. These results will be reported in a later paper. 


SUMMARY 


1. Glutamine fed at a level of 100 mg. daily caused a statistically signifi- 
cant lowering of the voluntary consumption of alcohol by rats. 
2. Injected glutamine appeared to be relatively ineffective. 
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STUDIES ON THE INCORPORATION OFC" ADMINISTERED 
AS Lt-SORBOSE INTO L-ASCORBIC ACID AND 
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(Received for publication, November 15, 1954) 


Previous studies on the biosynthesis of ascorbic acid have shown that 
glucose is converted to ascorbic acid in Chloretone-treated rats without 
prior cleavage of its carbon chain (1-3). L-Sorbose, a ketohexose like 
fructose, has been suggested as a possible intermediate in the biosynthesis 
of L-ascorbic acid from glucose (4). This L-sugar has a close structural 
relationship to L-ascorbie acid, to which it can be converted as shown in 
the accompanying scheme. 


O O 
Vi Vi 
CH,OH C—OH 
HO—C 
| 
2 
H—C—OH 49  H—C—OH 
HoO—C—H HO—C—H 
CH,OH CH.OH CH:OH 
L-Sorbose 2-Keto-L-gulonic acid L-Ascorbie acid 


To investigate this precursor relationship, a C™ tracer study has been 
carried out in Chloretone-treated rats with L-sorbose, labeled both uni- 
formly in all 6 carbon atoms and specifically in carbon 6. The results of 
this investigation indicate that L-sorbose is not a direct precursor of 
L-ascorbic acid but undergoes fragmentation before being converted to 


* This investigation was supported in part by grants from The Public Health Re- 
search Institute of The City of New York, Inc., and the Josiah Macy, Jr., Foun- 
dation, New York. 
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L-ascorbic acid. Further information was obtained in this study on the 
biological fate of L-sorbose. This ketohexose is extensively metabolized 
to CO, and is converted to an appreciable extent to liver glycogen by a 
pathway which involves a prior cleavage of its carbon chain. 


EXPERIMENTAL 


Radioactive Material—.-Sorbose-C* and 1-sorbose-6-C™ were prepared 
from glucose-C;* and glucose-1-C", respectively, by catalytic hydrogena- 
tion, followed by oxidation of the resulting p-sorbitol with Acetobacter 
suboxydans (5). Glucose-Cj* was prepared from by photosynthesis 
and glucose-1-C'! was obtained from the National Bureau of Standards, 
Washington, D. C. The specific activities of L-sorbose-C;*, L-sorbose-6- 
C, and p-glucose-C;* used in the animal experiments were 0.25, 0.23, and 
0.47 we. per mg., respectively. 

The chemical and radioactive purity of the labeled L-sorbose was estab- 
lished as follows: The labeled L-sorbose melted at 162—164°, which is iden- 
tical to that of a sample of authentic L-sorbose. Mixed melting points of 
the labeled and authentic compounds showed no depression. No change 
in the specific activities of the labeled compounds was detected on three 
successive crystallizations from an ethanol-H.O mixture. Identical R, 
values were obtained when the labeled and authentic compounds were 
submitted to paper chromatography with the solvent system n-butanol- 
acetic acid-water (3:1:3, volume per volume) (6). A radioautograph of 
the paper chromatogram yielded a single spot. The labeled L-sorbose was 
also subjected to ion exchange chromatography as its borate complex 
(7)... The chromatograms further confirmed the radioactive homogeneity 
of the labeled compound, since only one peak, identical to that of L-sor- 
bose, was obtained. 

To preclude any possibility of randomization of the C™ during the oxi- 
dation of p-sorbitol with A. suboxrydans, L-sorbose-6-C™ was subjected to 
partial degradation. This labeled compound was converted to its phenyl- 
osazone derivative and treated with periodate (8) to yield carbon 6 as 
formaldehyde. All the radioactivity of the original compound was found 
in formaldehyde isolated as its dimedon derivative, indicating that the 
C" in the L-sorbose molecule resided completely in carbon 6. 

Biological Tests—Studies on the conversion of L-sorbose to L-ascorbic 
acid were carried out in essentially the same manner as those previously 
described on the precursor relationship between glucose and ascorbic acid 
(1): Male albino rats of the Wistar strain, weighing 250 to 300 gm., were 
maintained on a basal diet of evaporated milk for 2 weeks before each ex- 


! The ion exchange chromatograph of L-sorbose was carried out through the cour- 
tesy of Dr. L. P. Zill, Biology Division, Oak Ridge National Laboratory. 
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perimental period. 45 mg. of Chloretone were administered daily for a 
period of at least 4 days prior to the injection of the labeled compound. 
The Chloretone was given by stomach tube as a homogenate in 1 ml. of 
evaporated milk. 24 hour urine samples were collected in 5 ml. of 10 per 
cent oxalic acid. Urinary excretion of ascorbic acid was determined by 
titration with indophenol dye. During the control period the animals 
excreted about 1 mg. of ascorbic acid daily, which increased to an average 
of 30 mg. of ascorbic acid daily 4 days after Chloretone administration. 
Weighed quantities (10 to 20 mg.) of the labeled test substances in 1 ml. 
of water were administered by intraperitoneal injection. The animals were 
then placed in a metabolism chamber (1) and respiratory CO, was col- 
lected at various intervals up to 24 hours. The ascorbic acid was isolated 
from the urine after the addition of 150 mg. of carrier ascorbic acid by an 
ion exchange method (1). A portion of the ascorbic acid was isolated as 
its 2,4-dinitrophenylosazone derivative. The radioactive purity of the 
isolated osazone was established by the same method as used previously 
(1). No change was found in the specific activity of the osazone after 
successive recrystallizations, and the ascorbic acid isolated from the same 
urine samples had a molar specific activity identical with that of its osa- 
zone derivative. L-Sorbose was isolated from the urine as its phenylosa- 
zone derivative after addition of 300 mg. of carrier L-sorbose. 

The studies on the conversion of L-sorbose to liver glycogen were carried 
out as follows: Male albino rats weighing 250 to 300 gm., which were fasted 
for 24 hours, were given by stomach tube 4.0 mmoles of non-radioactive 
glucose per 100 gm. of body weight and immediately afterwards weighed 
quantities (5 to 10 mg.) of the labeled compounds were administered by 
intraperitoneal injection. The respiratory CO. was collected for 3 hours, 
at the end of which time the animals were sacrificed and their livers re- 
moved. Liver glycogen was isolated and hydrolyzed to glucose, and the 
amount of resulting glucose was assayed (8). Carrier glucose (1 gm.) was 
added and the labeled glucose used for degradation studies was obtained 
after crystallization with absolute ethanol. 

Degradation Procedures—Glucose of the liver glycogen was treated with 
10 per cent hydrobromic acid to yield carbon 1 as formic acid and carbons 
2 to 6 as levulinic acid (9). The acids were separated from the reaction 
mixture by continuous ether extraction and isolated as the sodium salts 
by column partition chromatography with dilute sulfuric acid (0.5 N) as 
the stationary phase (10). Levulinic acid was eluted with chloroform and 
formic acid with 10 per cent butanol in chloroform. Carbon 6 was ob- 
tained independently as formaldehyde by periodic acid degradation (11). 

L-Ascorbie acid isolated from the urine was degraded as follows: Carbon 
1 was obtained by decarboxylation of L-ascorbic acid with hot mineral 
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acid and carbon 6 was obtained as formaldehyde by periodate degrada- 
tion of the 2 ,4-dinitrophenylosazone of ascorbic acid (2). 

Radioactivity Determinations—Preparation of samples and assay for C™ 
were carried out as described previously (12). 


Results 


The amounts of C™ excreted in CO, and urine and incorporated in uri- 
nary ascorbic acid during a 24 hour period after administration of L-sor- 
bose-6-C", 1-sorbose-Cs*, and p-glucose-C§* to Chloretone-treated rats are 
shown in Table I. An average of about 50 per cent of the administered 
C was found in the respiratory CO, during the 24 hour period after injec- 


TaBie I 
C'* in Respiratory CO2, Urine, and Urinary Ascorbic Acid during 24 Hour 
Period after Administration of u-Sorbose-Ce’, L-Sorbose-6-C™, and 
p-Glucose-Cg' to Chloretone-Treated Rats 


| Per cent of dose in 


L-Sorbose-C¢' K-38 | 61.4 30.8 0.43 
| R-40 | §87.0 15.8 0.27 
R-91 46.8 31.2 0.26 
h-94 | 37.2 0.32 
W-3* 79.4 3.05 0.27 
W.4* 79.3 4.37 0.30 


* These results were obtained in previously published experiments (1). 


tion of the two differently labeled L-sorbose tracers, indicating that this 
L-sugar is appreciably metabolized in the rat. An average of 25 per cent 
of the C™ administered as L-sorbose is excreted in the urine. About 70 
per cent of the total urinary C™ was shown to be present as L-sorbose by 
isolation of its osazone derivative. 

About 0.3 per cent of the dose of C" administered either as L-sorbose-C;' 
or L-sorbose-6-C™ was found in the urinary L-ascorbic acid, which is about 
the same incorporation of C“ as found after administration of p-glucose-C4' 
(Table I). It is not possible to make any conclusions on the precursor 
relationship of L-sorbose for L-ascorbic acid based on values for the fraction 
of the dose of C™ incorporated into urinary ascorbic acid. For instance, 
glucose was found to be converted to L-ascorbie acid directly without 
cleavage of its 6-carbon chain (1-3), despite the small fraction of C™ in- 
corporated in the L-ascorbic acid following administration of isotopic glu- 
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cose. If L-sorbose was converted directly to L-ascorbic acid, it would be 
expected that the major part of the C™ in the urinary L-ascorbic acid would 
be in carbon 6 following administration of L-sorbose-6-C™. The L-ascor- 
bic acid isolated from the urine of rats receiving L-sorbose-6-C™ was sub- 
jected to a degradation procedure in which the amount of C™ present in 
carbon 1 and carbon 6 was determined (Table II). About one-half of the 
total C“ present in L-ascorbic acid was distributed equally between carbon 
1 and carbon 6 and the remainder in carbons 2 to 5, indicating that L-sor- 
bose is not converted directly to L-ascorbie acid but only after cleavage of 
its carbon chain. 

The incorporation of C™ in respiratory CO, and glycogen during a 3 
hour period after administration of .-sorbose-C,*, L-sorbose-6-C™, and 
p-glucose-C,* to fasted rats was determined (Table III). The results indi- 

Taste II 


Distribution of C'* in Urinary Ascorbic Acid after Dose of L-Sorbose-6-C™ 
to Chloretone-T reated Rats 


Per cent total C™ in ascorbic acid 
Experiment No. 


Carbon 1 Carbon 6 Carbon 2-5 
R-94 24.2 4.0 51.8 
R-95 28.8 | 29.5 41.7 


*C™ in carbons 2 to 5 obtained by difference. 


cate that L-sorbose is converted to glycogen to an appreciable extent; in 
fact, more C™ was present in glycogen after L-sorbose administration than 
after glucose administration under the same conditions. It will be noted 
that the same amount of incorporation of C“ in liver glycogen was obtained 
following administration of the two differently labeled L-sorbose tracers, 
indicating that the carbon 6 was converted to glycogen to the same extent 
as the average of all 6 carbon atoms. 

The high degree of incorporation of isotopic L-sorbose into glycogen 
might suggest that L-sorbose is converted directly into glucose of liver 
glycogen by a pathway which does not involve a breakdown of its carbon 
chain. However, if this was so, one would expect that glucose of liver 
glycogen would be labeled predominantly on carbon 1 following the ad- 
ministration of L-sorbose-6-C™, since a complete inversion of the molecule 
would have to occur to convert the L-sugar to one of p configuration. 
Glucose isolated after hydrolysis of glycogen from rats receiving L-sorbose- 
6-C™ was subjected to a degradation procedure in which the amount of 
C™ present in carbon 1, carbons 2 to 5, and carbon 6 was determined 
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(Table IV). It was found that the average values for the per cent of total Is 
(in glucose present in carbons | and 6 were 43 and 35 per cent, respec- as 
tively; the remaining 22 per cent of C™ in glucose was in carbons 2 to 5. gr 
These findings indicate that L-sorbose is not converted to glucose directly, ra 
but proceeds by a pathway involving a fragmentation of its carbon chain. fre 
cu 
Incorporation of C'* in Respiratory COs and Glycogen during 3 Hours after on 
Administration of L-Sorbose-Ce, L-Sorbose 6-C™, and v-Glucose-€ | 
to Fasted Rats 
; a Per cent of dose of 
Substance administered* ~ | | —— lik 
| | COs | Glycogen 
me. | | 
14 | | sit 
ne R-42 158 24.0 | 11.6 
Ra | | 2.6 11.6 
| 141 | 14.4 10.5 gly 
| | 187 | an 
* The rats received by stomach tube 4.0 mmoles of non-radioactive glucose per ph 
100 gm. of body weight and immediately thereafter a weighed quantity (5 to 10 mg.) ph 
of the labeled compound was administered by intraperitoneal injection. ph 
TABLE IV 
Distribution of C'4 in Glucose of Liver Glycogen after Dose of U-Sorbose- to 
6-C" to Fasted Rats the 
Per cent total C™ in glucose Cal 
Experiment No. = COs 
Carbon 1 Carbon 6 | Carbons 2-6 | Carbons 2-5* cor 
S-2 42.2 | 31.6 57.5 26.2 
S-4 44.5 37.2 | 55.8 | 18.3 
| 
* C4 in carbons 2 to 5 obtained by difference of C' in carbons 1 and 6 from total I 
C4 in glucose. 
car 
DISCUSSION cor 
The finding that L-sorbose is not directly converted to L-ascorbie acid bic 
but only after splitting of the hexose chain furnishes strong evidence that me 
the ketose is not an intermediate in the biosynthesis of L-ascorbic acid from fou 
glucose. Since L-sorbose undergoes fragmentation to yield glucose, the to | 
conversion of L-sorbose to L-ascorbic acid may, in fact, proceed via glucose tion 
as an intermediate. Failure to demonstrate a precursor relationship sor 
between L-sorbose and L-ascorbic acid is in agreement with the results of dih 
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Isherwood ef al. (4) who reported no increase in the biosynthesis of L- 
ascorbic acid as detected by chemical analysis, when cress seedlings were 
grown in the presence of L-sorbose or when this sugar was injected into 
rats. The most likely pathway for the biosynthesis of L-ascorbic acid 
from glucose would seem to be via the intermediate formation of p-glu- 
curonolactone. This mechanism has been suggested based on studies with 
C-labeled glucuronolactone in Chloretone-treated rats (13) and non-iso- 
topic experiments with rats and cress seedlings (4). 

The present study indicates that the conversion of L-sorbose to glucose 
proceeds via a pathway which involves fragmentation of the hexose chain 
of t-sorbose. The initial step in the metabolism of this ketohexose is very 
likely the formation of L-sorbose-l-phosphate; such a phosphorylation 
step has been shown to be catalyzed by fructokinase in vitro (14). A pos- 
sible scheme for the conversion of L-sorbose-l-phosphate to glucose is 
suggested from some recent enzymatic studies, indicating that fructose-1- 
phosphate is converted to glucose via the intermediate formation of p- 
glyceraldehyde and dihydroxyacetone phosphate (15). Ina similar fash- 
ion, L-sorbose-l-phosphate may be broken down to .L-glyceraldehyde 
and dihydroxyacetone phosphate; the reverse step, the condensation of 
L-glyceraldehyde with dihydroxyacetone phosphate to form L-sorbose-1- 
phosphate, is catalyzed by aldolase (16). .L-Glyceraldehyde, after being 
phosphorylated, presumably would be isomerized to p-glyceraldehyde phos- 
phate via the intermediate formation of dihydroxyacetone phosphate. 
p-Glyceraldehyde and dihydroxyacetone phosphate would be converted 
to glucose via fructose-1 ,6-diphosphate (15). This scheme would explain 
the conversion of L-sorbose-6-C™ to p-glucose labeled predominantly in 
carbon | and carbon 6. The finding that L-sorbose is converted to glu- 
cose via triose intermediates would suggest that an important pathway for 
conversion of fructose to glucose in the intact animal may also be via for- 
mation of trioses. 


SUMMARY 


L-Sorbose has been synthesized labeled with C™ both uniformly in all 6 
carbon atoms and specifically in carbon 6. Studies with these labeled 
compounds have shown that L-sorbose is not a direct precursor of L-ascor- 
bic acid in Chloretone-treated rats, since its carbon chain undergoes frag- 
mentation before being converted to L-ascorbic acid. In addition, it was 
found that L-sorbose is extensively metabolized to COz and is converted 
to glucose of the liver glycogen by a pathway which involves fragmenta- 
tion of its carbon chain. A scheme is presented for the conversion of L- 
sorbose to glucose via the intermediate formation of L-glyceraldehyde and 
dihydroxyacetone phosphate. 
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INCORPORATION OF LABELED LEUCINE INTO 
CAROTENE BY PHYCOMYCES 


By C. O. CHICHESTER, T. NAKAYAMA, ann G. MACKINNEY* 


(From the Department of Food Technology, University of California, 
Berkeley and Davis, California) 


T. W. GOODWINT 


(From the Department of Biochemistry, University of Liverpool, Liverpool, 
England) 


(Received for publication, October 30, 1954) 


In studies of carotene production by Phycomyces blakesleeanus at Berke- 
ley, yeast autolysate has been used to insure rapid and vigorous growth 
(1). When C-labeled sugar was incorporated into the medium, it ap- 
peared that the organism preferentially selected the non-sugar carbon for 
incorporation into the carotene molecule (2). Yeast autolysate was there- 
fore clearly undesirable in any experiment designed to test the degree to 
which the carbon of an amino acid such as leucine might be incorporated. 

A preliminary trial showed that a medium which at Liverpool (3) yielded 
satisfactory growth of P. blakesleeanus was inadequate for the Berkeley 
cultures; sparse growth developed slowly over a 2 week period of observa- 
tion. We then tested Difco carbon base, 3 per cent (Wickerham),' es- 
sentially glucose plus known vitamins and trace elements, supplemented 
by 0.3 per cent asparagine, or 0.15 per cent asparagine and 0.15 per cent 
leucine, and this gave very satisfactory results. 

Tests indicated heavy growth in 5 days for the medium with asparagine 
only, with a dull gray cast, and somewhat less growth in the same time 
for the asparagine-leucine medium, but here the culture was bright yellow 
in color. These media were used to test C-1- (carboxyl) and C-2-labeled 
leucine to determine the degree to which these carbons might be incor- 
porated into the carotene. 


EXPERIMENTAL 


The pt-leucine-1-C™ and pt-leucine-2-C™ were prepared by chemical 
synthesis at the Donner Laboratory,? and incorporated with inactive 


* Aided by a grant from the National Science Foundation. 

+ Aided by a travel grant from the Rockefeller Foundation. 

!The Difco Bacto-yeast carbon base is fully defined by Wickerham ((4) Table I, 
Column 4): “Carbon base for nitrate assimilation test.’ It is comprised of glucose, 
salts, trace elements, vitamins, and trace amounts of the amino acids, L-histidine, 
DL-methionine, bL-tryptophan. 

? We are indebted to Dr. B. M. Tolbert and Dr. R. M. Lemmon for the loan of 
these compounds. 
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leucine at a final concentration of 0.15 per cent leucine into solutions con- 
taining 3 per cent Difco carbon base and 0.15 per cent asparagine. 

Samples of each medium were dried and burned in duplicate, and the 
CO, collected and converted to BaCO;. Counts were as follows: medium 
containing DL-leucine-1-C™, 1245, 1317 ¢.p.m. per mg.; medium containing 
pL-leucine-2-C™, 1090, 960 ¢.p.m. per mg. 

It may of course be argued that the effective counts, representing the 
L isomer only, should be 640 and 513 respectively. It is of interest, there- 
fore, to record the specific activity of the CO. evolved from the pi-leucine- 
1-C"™ after the spores had germinated. 


TABLE I 
Effect of lonone on Synthetic Media 
Time of growth, 5 days. 


| Carotene 
Dry weight | 
Total | 
| gm. Y | Y per gm 

0.15% asparagine-0.15% leucine | | | 
Control | 0.600 | 410 | 683 
+ ionone* | 0.392 | 1125 | 2870 

0.3% asparagine | | | 
Control | 0.758 | 121 | 160 


+ ionone* | 0.704 | 1780 | 2530 


* 20 wl. per plate. 


Cultures containing pi-leucine-1-C™, twenty plates, were placed in an 
air-tight box with a transparent Lucite cover, and CO-.-free air was slowly 
drawn through. The CQ, liberated was trapped in sodium hydroxide and 
precipitated as BaCO;. The activity rose, from 299 c.p.m. per mg. on the 
3rd day, to 812 on the 4th, 1187 on the 5th, and 1697 on the 6th, when the 
mats were harvested. 

On the 6th day after inoculation, the cultures were harvested. As these 
were active, the mats were immediately rinsed with water, with alcohol, 
and then extracted. In both cases, which differed from previous experience 
with mats grown on yeast autolysate, saponification was necessary before 
the samples could be chromatographed. Each was refluxed for 6 minutes 
with an equal volume of 20 per cent KOH in methanol, then washed with 
water, dried with NaSO,, and chromatographed on a column of mag- 
nesia. After elution of the phytofluene, the 6-carotene was removed from 
the column with petroleum ether containing 3 per cent acetone and crys- 
tallized. From the twenty plates in each set, sufficient carotene was ob- 
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tained (about 3 mg.) so that inert carrier was not needed. The crystalline 
product was washed and dried as previously described (2), samples were 
then burned in duplicate, and the resulting CO2 was converted to BaCO; 
and counted. The results are as follows: pL-leucine-1-C™, 60 and 86 c.p.m. 
per mg.; DL-leucine-2-C™, 262 and 276 c.p.m. per mg. 

These results show, as might be anticipated, that the carboxyl carbon of 
leucine was not incorporated to any appreciable extent. The carbon 
atom 2 of leucine is incorporated to a considerably greater extent. How- 
ever, allowing for dilution of activity by the carotene synthesized from 
non-leucine carbon, one cannot explain the increase (see Table I) in caro- 
tene synthesis in the presence of leucine on the assumption of a selective 
use of the residual 5-carbon decarboxylated fragment. This does not rule 
out the incorporation of smaller fragments not involving the carbon atom 
2. 

We decided also to test the ionone effect on carotene synthesis in aspara- 
gine- and leucine-containing media in the presence of the Difco carbon base. 
Cultures were grown as before; procedures were identical with those pre- 
viously described, except for the inclusion of the step with saponification. 

The results are shown in Table I. It is to be remarked that the ionone- 
treated cultures were the most deeply colored of any yet grown in the 
Berkeley laboratory. 


SUMMARY 


It is shown that the mold Phycomyces blakesleeanus decarboxylates leu- 
cine, and the CO, resulting therefrom is not incorporated into carotene to 
any appreciable extent. Furthermore, when grown on Difco carbon base, 
the mold utilized the residual 5-carbon fragment of the decarboxylated 
leucine in synthesizing carotene only to a limited extent. 

In the presence of ionone, both leucine- and asparagine-containing cul- 
tures yield high concentrations of 8-carotene. 
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HETEROGENEITY OF INTRACELLULAR RIBONUCLEIC 
ACID IN RAT LIVER CELLS* 


By GASTON pe LAMIRANDE,{t CLAUDE ALLARD, anp ANTONIO CANTERO 


(From the Research Laboratories, Montreal Cancer Institute, Notre-Dame 
Hospital, Montreal, Canada) 


(Received for publication, August 23, 1954) 


The intracellular distribution of ribonucleic acid (RNA) in rat liver cells 
has been repeatedly reported by several investigators, and reference is 
made to a review of the subject (1). The microsomal fraction was found 
to be preferentially rich in RNA, whereas in mitochondria the amount was 
so low as to be of questionable significance. The possible relation of the 
structure of RNA to the synthesis of differentiated proteins (2-4) has 
prompted us to investigate the composition of RNA isolated from various 
cellular fractions. Some fragmentary evidence existed in the literature to 
support the idea that the nucleotide composition of particulate RNA is 
characteristic of each cellular organelle (5-7), whereas other data did not 
support such a view (8). 

The present investigation was undertaken to establish quantitatively the 
nucleotide composition of RNA prepared from various cellular fractions 
isolated by differential centrifugation. The results show that the RNA 
composition is characteristic of the structural units of the cell. 


Methods 


Preparations of Homogenate and Cellular Fractions—Animals of an aver- 
age weight of 300 gm. (Wistar rats) were stunned and immediately decapi- 
tated. The liver was perfused with 50 ml. of 0.25 m sucrose by way of the 
portal vein. The whole liver was excised, placed on cracked ice, chilled 
for 2 minutes, and rolled on filter paper to sponge off the sucrose solution. 
In the first series, a pool of four adult rat livers was used and, in the second 
series, a pool of three. The pooled organs were immediately minced in a 
cold Plexiglas squeezer, and the pulp obtained was divided into three por- 
tions: (1) 3 gm. were used for the isolation of the total tissue RNA; (2) 6 
gm. were homogenized in 0.25 m sucrose and subjected to differential cen- 
trifugation, and the total RNA of each cellular particulate was isolated; 
(3) 3 gm. were concurrently homogenized and centrifuged as above for 

* This investigation was supported by a grant-in-aid from the National Cancer 


Institute of Canada and from the Damon Runyon Memorial Fund for Cancer Re- 


search, Ine. 
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the purpose of quantitative microscopic analysis of the fractions. Homog- 
enization was carried out with a glass homogenizer during an interval 
of time sufficient for maximal cell breakage. The final volume was ad- 
justed to give a 10 per cent homogenate. Four cellular fractions, namely 
nuclear, mitochondrial, microsomal, and supernatant fractions, were iso- 
lated by differential centrifugation according to the method of Schneider 
and Hogeboom (9) with a Servall SS-1 and a Spinco (model L) refrigerated 
centrifuge. 

Isolation of RNA and Chromatographic Analysis—The nucleic acids were 
isolated from homogenate and cellular fractions by a slightly modified 
(10) Schmidt-Thannhauser procedure (11). After extraction of acid-sol- 
uble compounds and phospholipides from tissue pulp or cellular fraction, 
the residual material was dried and stored at 5°. The dry powder was 
hydrolyzed in 1.5 Nn KOH during 42 hours at 37° when needed for analysis. 
In one experiment, the dry powder was hydrolyzed with 0.3 n KOH during 
24 hours at 37° to compare with the conditions described above. No dif- 
ference was observed in the proportion of the nucleotides released from 
RNA in both conditions (Table I). On the other hand, the yield of free 
nucleotides was much higher when hydrolysis was performed in the pres- 
ence of 1.5 Nn KOH during 42 hours at 37°. When the dry powder was 
hydrolyzed in 0.3 n KOH, the mononucleotides yield amounted to only 
70 per cent of the optical density of the original hydrolysate, whereas with 
1.5 n KOH the yield was to 98 per cent. With 1 n KOH, the extent of 
the hydrolysis was 90 per cent, which is comparable to the data of Smith 
and Allen (12). 1.5 N KOH was therefore preferred because hydrolysis 
was more nearly complete. This is of practical importance in dealing with 
cellular fractions of low RNA content. 

At the end of the hydrolysis period, the incubated mixture was cen- 
trifuged. The small amount of insoluble material was washed three times 
with water. The supernatant fluid and washings were pooled and ad- 
justed to a final volume of 30 ml. with glass-distilled water. This solution 
of nucleotides was then introduced by gravity flow in a column (13 cm. X 
0.78 em.) filled with resin Dowex 1. The column was then washed with 
glass-distilled water until the eluent reached pH 6.0 to 6.5. Elution was 
carried out with hydrochloric acid solutions at various concentrations (13). 
The elution was followed by measuring the optical density, at 260 mu, of 
each fraction collected. A Beckman model DU spectrophotometer was 
employed. The concentration of each fraction was obtained from stand- 
ard curves and expressed in micrograms of nucleotide per ml. of eluent. 
The standard curves were obtained by measuring the optical density at 
260 my of different dilutions of each nucleotide (commercial, Schwarz 
Laboratories) in hydrochloric acid solutions at the same normalities that 
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were used for elution (13). The extinction coefficients! of these nucleo- 
tides, in acid and alkaline media, were essentially similar to those reported 
by Volkin and Cohn (14). 


RESULTS AND DISCUSSION 


Purity of Isolated Cellular Fractions—The quantitative examination of 
each cellular fraction by phase microscopy in a Petroff-Hausser bacteria 
counter was performed as previously described (15). The nuclear fraction 
contained 15 per cent of mitochondria, whereas the microsomal fraction 
appeared free of mitochondria. The supernatant fluid was optically free 
of particles. The mitochondrial fraction appeared uncontaminated by 
microsomes. 

Correction for the mitochondrial contamination of the nuclear fraction, 
based on the number of mitochondria present in these fractions and on the 
absolute amount of each nucleotide released from their respective RNAs, 
can be calculated by simple mathematical means. Table II shows the 
differences between uncorrected and corrected nucleotide proportions of 
the nuclear RNA. These differences are smaller than those noted between 
the two groups of rats under observation. The contamination of the nu- 
clear fraction by mitochondria is apparently insignificant so far as the RNA 
nucleotide composition is concerned. 

RNA Composition of Normal Rat Liver Homogenate—Table I shows the 
nucleotide composition of RNA in moles per hundred moles of nucleotide. 
The homogenate RNA contained predominantly guanylic (34.3 moles) and 
cytidylic (27.1 moles) acids. Uridylic and adenylic acids were found in 
the same concentrations (19.5 and 19.1 moles). 

Table I indicates also that the proportion of each nucleotide released 
from RNA was similar after strong (1.5 n KOH) or mild (0.3 n KOH) 
alkaline hydrolysis. Although it has been shown that pure cytidylic acid 
is deaminated in strong alkaline solution at 37° (16), conversion of cytidyl- 
ic acid to uridylic acid does not proceed at an appreciable rate during 
hydrolysis of RNA in 1.5 Nn KOH compared to 0.3 n KOH. 

RNA Composition of Cellular Fractions of Rat Liver—Table II shows the 
nucleotide composition of RNA in moles per hundred moles of nucleotides 
for the nuclear, mitochondrial, and microsomal fractions and the super- 
natant fluid. The RNA isolated from the nuclear and the microsomal 
fractions contained more guanylic acid (30.0 and 34.6 moles) than the RNA 
from the mitochondrial fraction and from the supernatant fluid (25.8 and 
22.7 moles). Furthermore, the nuclear RNA differed from the microsomal 
RNA by higher content of uridylic and adenylic acids and lower content of 


1 The following extinction coefficients, at pH 2, were used: adenylie acid 14.3, 
guanylic acid 11.0, uridylic acid 10.0, and cytidylie acid 7.0 X 1073. 
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cytidylic acid. The mitochondrial RNA, on the other hand, differed from ” 
the supernatant fluid RNA by a slightly higher cytidylic acid and a much E 
lower adenylic acid concentration. Only the supernatant fluid RNA con- pos’ 
tained an amount of uridylic and adenylie acids greater than that. of gua 


cytidylic and guanylic acids. ‘Table II thus demonstrates that the nucleo- | Jy , 
tide composition of the RNA isolated from each of the various cellular frac- plas 
tions differs. 

The difference in the RNA composition of each cellular fraction was also 
evident when the ratio of the different nucleotides to guanylic acid was Nu 
calculated. The uridylic-guanylic acid ratios were, respectively, 0.83, T 
1.03, 0.64, 1.25 for nuclear mitochondrial and microsomal fractions and 
the supernatant fluid. A variation of the same magnitude was observed 


Nucl 
TaBLeE I 
Nucleotide Composition of Normal Rat Liver RNA Subjected to Various 
Conditions of Alkaline Hydrolysis 
The results are expressed in moles per hundred moles of nucleotide. Mita 
Conditions of hydrolysis 
Acid 1.5 x KOH, 42 hrs., 37° er Mier 
ist assay 2nd assay Mean Ist assay 
| 32.6 36.0 34.3 36.5 
for the adenylic-guanylic acid ratio. Consequently the over-all picture _ 
indicates that the supernatant fluid, mitochondrial, and nuclear RNAF ,..., 


would contain 100, 60, and 30 per cent more uridylic and adenylic acids § 929 5 
than the microsomal RNA on the basis of identical guanylic acid content. 
The ratio of cytidylic to guanylic acid varied to a much lesser degree. TI 
The supernatant fluid, mitochondrial, and nuclear RNA differed only by > as y 
34, 25, and 6 per cent from the microsomal RNA. It is concluded from — some 
these facts that each cellular fraction contains a specific RNA. zyms 

The composition of the homogenate and microsomal RNA, reportedf pone 
here, is similar to the results of Davidson and Smellie (8), but apparently > comy 
discrepancies exist for the composition of the mitochondrial RNA. On In 
the other hand, the RNA composition, described here, differs from that? lem « 
reported by Elson and Chargaff (5). Nevertheless the same conclusion is the | 
reached that the nuclear RNA and mitochondrial RNA are different from > (7, 1 
the RNA of the microsomal fraction and supernatant fluid. Furthermore, 
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the present results show that the microsomal and supernatant fluid RNAs 
are also different from each other. 

Elson and Chargaff (17) have recently suggested regularity in the com- 
position of cytoplasmic RNA, because the ratios of adenylic to uridylic acid, 
guanylic to cytidylic acid, and purines to pyrimidines were close to unity. 
In agreement with the present results, other analyses of RNA from cyto- 
plasmic fractions (5, 8) have shown that these ratios differed from unity. 


TaBLe II 
Nucleotide Composition of RNA Isolated from Cell Fractions of Normal Rat Liver 
The results are expressed in moles per hundred moles of nucleotide. 


Cytidylic acid | Uridylic acid | Adenylic acid | Guanylic acid 
Nuclei* Ist assay 22.2 24.8 24.3 28.7 
2nd 20.4 25.1 23.2 
Mean 21.3 25.0 23.8 30.0 
Mitochondria Ist assay 22.0 28.7 24.1 25.2 
22.0 27.0 24.7 26.3 
Mean 22.0 27.9 24.4 25.8 
Microsomes Ist assay 24.6 21.3 20.1 34.0 
Gad * 21.9 22.6 20.3 35.2 
Mean 23.3 22.0 20.2 34.6 
Supernatant fluid | Ist assay 19.1 29.0 27.4 24.5 
2nd “ 21.6 27.8 29.7 20.9 
Mean 20.4 28. 28.6 22.7 


* The nucleotide composition of the nuclear fraction RNA, when corrected for 
the number of mitochondria present in this fraction and according to the composi- 
tion of the mitochondrial RNA, gives the respective corrected values for the two 
assays: 22.2 and 20.1 for cytidylie acid, 24.4 and 24.7 for uridylie acid, 24.3 and 
22.9 for adenylie acid, 29.1 and 32.3 for guanylic acid. 


This study further supports the view that cellular fractions are chemical 
as well as morphological entities. While nuclei, mitochondria, micro- 
somes, and soluble fractions were shown to differ in regard to their en- 
zymatic properties (1), turnover, and composition of some of their com- 
ponents (1, 18-20), the present work revealed that they also differ in the 
composition of their RNAs. 

In the light. of these facts, it might be necessary to reexamine the prob- 
lem of the origin of the cellular particulates and of their constituents. If 
the RNA of a given fraction is the precursor of the RNA in other fractions 
(7, 18, 19, 21), this possibility would imply, on the basis of our results, 
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important changes in the composition of the RNA during its transfer 
from one particle to another. The present facts are in line with the con- 
clusion of Jeener (22) that the RNA of each fraction is synthesized in situ. 
The RNA would appear to be independently synthesized in each particu- 
late according to the typical composition of the RNA already present. 


SUMMARY 


The nucleotide composition of the RNA of the homogenate and of the 
isolated cellular fractions of normal rat liver has been determined. It has 
been found that the RNA composition of each cellular fraction differs 
from the others and is specific for the fraction from which it has been iso- 
lated. This is discussed in relation to the origin of the RNA in various 
morphological units of the cell. 


The authors wish to thank Mr. Bernard Messier for valuable technical 
assistance in this work. 
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ORIGIN OF GLUCOSE AND GLYCOGEN CARBONS FORMED 
FROM C#4-LABELED PYRUVATE BY LIVERS OF 
NORMAL AND DIABETIC RATS* 


By BERNARD R. LANDAU, A. BAIRD HASTINGS, anp 
FRANCES B. NESBETT 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, October 25, 1954) 


The availability of carbon-labeled substrates and of methods for study- 
ing carbohydrate metabolism in muscle and in liver in vitro has made it 
possible to study quantitatively some of the detailed reactions involved 
in carbohydrate production and utilization. Among the questions ca- 
pable of attack by these techniques are (a) what are the sources of the 
carbons of the glucose molecules comprising glycogen and (b) is there a 
quantitative difference in the sources of the glycogen carbons of livers 
from diabetic animals compared with normal animals? The intent of this 
paper is to provide information on these questions. 

Topper and Hastings (1) degraded the glycogen formed by liver slices 
from normal fasted rabbits after incubation with pyruvate-2-C™. From 
the relative radioactivities of the carbon atoms comprising the glucose, 
they estimated the proportion of pyruvate molecules (a) directly incor- 
porated into glycogen, (b) equilibrated with symmetrical dicarboxylic 
acids before incorporation, and (c) converted to COs, part of which was 
eventually incorporated into glycogen. Lorber ef al. (2) have degraded 
glucose units of liver glycogen formed from labeled lactate by rats in vivo. 
From the distributions of labeling in the glucose, they calculated the ratio 
of lactate carbons incorporated directly into glycogen to those that first 
entered the tricarboxylic acid cycle and then were incorporated. 

We have incubated liver slices from normal and alloxan-diabetic rats 
with pyruvate-2-C™ and have degraded both the glycogen formed in the 
liver and the glucose formed in the medium. From the distribution of 
activity in the glucose, we have estimated in quantitative terms the extent 
to which the alternative metabolic pathways were followed by pyruvate in 
normal liver compared with diabetic liver. 

Symmetrical labeling of glucose! has been observed in previous degrada- 


* This work was supported in part by the United States Atomic Energy Commis- 
sion and the Eugene Higgins Trust through Harvard University. 

' Glucose is said to be symmetrically labeled when the activity of carbon 1 = ecar- 
bon 6, carbon 2 = carbon 5, and carbon 3 = carbon 4. 
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tions of glycogen formed by liver in vitro and in vivo from substrates known 
to enter the glycolytic reactions via glyceraldehyde phosphate (3). How- 


ever, in the course of our studies the distribution of activity suggested © 


that asymmetry existed in the glucose formed from pyruvate in livers of 
normal fed rats, the 3 top carbons (C-1,2,3) having less activity than the 
bottom 3 carbons (C-4,5,6). Asymmetry was not significant in the glu- 
cose of glycogen formed in livers of diabetic fed rats. An attempt to 
understand these observations led us to study the problem of asymmetry 
in more detail using labeled pyruvate. 


EXPERIMENTAL 


Male albino rats of the Wistar strain raised in our own colony and 
weighing between 250 and 350 gm. were used. They were fed standard 
Purina laboratory chow ad libitum. Alloxan diabetes was produced by 
intravenous injection of alloxan monohydrate after a 24 hour fast. The 
animals were used 2 to 3 weeks after the injection. Blood sugar values 


were obtained 2 weeks after administration of alloxan and at death. Fed | 


rats were used only when their blood sugar values were more than 350 mg. 
per 100 ml. in both determinations. 

The incubation medium contained, in millimoles per liter, K+ = 110, 
Mgt* = 20, Ca** = 10, HCO; = 40, and Cl- = 90 or 100, depending on 
the pyruvate added. Equilibration of the incubation solutions with 5 per 


cent CO2-95 per cent O2 insured a pH in the presence of the liver slices 
varying between 7.4 and 7.5. The substrates used were (a) pyruvate- [| 
2-C™ (40 mmoles per liter), (b) pyruvate-2-C™ plus glycerol (each 30 | 


mmoles per liter), and (c) pyruvate-2-C“ (40 mmoles per liter) plus glu- 
cose (20 mmoles per liter). The labeled pyruvate was prepared by Dr. 
Manfred Karnovsky of this laboratory. 


The incubation procedure was the same as that previously described — 


(4). The entire liver of a rat was sliced and between 2 to 3 gm. were placed 
in each of four incubation flasks containing 12.5 ml. of medium per flask. 


Incubations were carried out at 37° for a period of 90 minutes. 1 to 2 ue. | 


of radioactive pyruvate was present in each flask. 


Isolation of Liver Glycogen and Glucose—The glycogen was isolated by a — 
modification of the method of Good, Kramer, and Somogyi (5) usually by _ 


three alcoholic precipitations. Lithium bromide was used to facilitate 
the final precipitation of the glycogen (6). To livers of fasted rats, 100 
to 200 mg. of non-radioactive glycogen were added as carrier. The glyco- 
gen was hydrolyzed in 3 ml. of 1 N sulfuric acid for 3 hours on a steam 
bath. The solution was cooled, diluted with 5 ml. of water, and neutral- 
ized with a saturated barium hydroxide solution. After centrifuging, 
the supernatant liquid was passed over an anion and cation exchange 
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column after the method described by Abraham, Chaikoff, and Hassid 
(7). Sufficient non-radioactive glucose was added to make the total 
amount present in the effluent and washings about 500 mg. The so- 
lution was evaporated to a thick glassy syrup, and the glucose was 
crystallized by addition of warm absolute ethanol and 10 to 20 mg. of non- 
radioactive glucose as seed after the manner described by Putman et al. 
(8). The amount of crystalline glucose recovered from the glycogen hy- 
drolysate was 90 to 95 per cent of theoretical. It was found that by 
crystallizing the glucose the subsequent degradation steps were readily 
handled. 

Difficulty in obtaining sufficient radioactive glycogen from diabetic rat 
liver for total degradation made the availability of a method for isolating 
glucose from the medium necessary. The medium was deproteinized with 
ZnSO,.-Ba(OH): and heat. It was extracted twice with equal volumes of 
chloroform and then passed down Duolite A-4 and Duolite C-3 exchange 
columns. The glucose in the effluent was then crystallized as described 
above for glucose from glycogen. 

Degradation of Glucose—Several derivatives of glucose were prepared. 
From these the activity of a single carbon atom or groups of carbon atoms 
could be determined. The general scheme employed is outlined in Fig. 1. 

Isolation of C-1,2,3 and C-4,5 and C-6—An aliquot of the isolated 
glucose was converted to glucose phenylosazone, and a portion of this was 
oxidized by periodic acid to 1 ,2-bis(phenylhydrazone)mesoxalaldehyde 
(C-1,2,3) and formic acid (C-4,5), as described by Topper and Hastings 
(1). A solution of mercuric chloride in acetate buffer (9) was used rather 
than mercuric oxide to oxidize the formic acid to carbon dioxide. The 
carbon dioxide was isolated as barium carbonate. 

Another portion of the glucosazone was oxidized by periodic acid. The 
1 ,2-bis(phenylhydrazone)mesoxalaldehyde was removed by centrifugation 
and the supernatant liquid was extracted with chloroform until colorless. 
The excess periodic acid was destroyed by addition of sodium arsenite and 
hydrochloric acid. Addition of sodium acetate and dimedon reagent 
yielded the dimedon of formaldehyde (C-6). 

Isolation of C-1 and C-2,3,4 and C-5-—-Another aliquot of glucose was 
converted to glucononitrile and this was decomposed to HCN (C-1) and 
arabinose (1). The HCN was trapped as silver cyanide and oxidized to 
carbon dioxide with permanganate (10). The carbon dioxide was trapped 
as barium carbonate. The arabinose was recrystallized from methanol 
and converted to arabinose phenylosazone by the method of Haskins et al. 
(11). Beeause the arabinosazone is unstable, after recrystallization from 
30 per cent ethanol, it was immediately oxidized to 1 ,2-bis(phenylhydra- 
zone)mesoxalaldehyde (C-2,3,4) and formic acid (C-5) by periodic 
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acid in a method analogous to that employed for the oxidation of glu- 16 
cosazone. The formic acid was oxidized to carbon dioxide which was ac 
trapped as barium carbonate. 
Isolation of C-3—An aliquot of glucose was converted to methyl a-p- | on 
glucopyranoside by a modification of the method of Weygand (12). Iml. | og 
Cc Oe 3 - C— C CHO (C-1, 2, 3) 
| | whew + Ox 
2 HCOOH— CO, (C-4,5)_ tri 
> 
Cc 6-—-C Cc 
of 
+ 
Methyl GLUCOSE Glucose gli 
Glucopyranoside | Phenylosazone da 
th 
CO, (C-3) HCN CO, (C-1) 
C=NNPh =NNPh | 
pr 
CHO (C-2, 3, 4) an 
t 
5-C¢ Cc + 0 
) wp sig 
ac 
Arabinose Arabinose W 
Phenylosazone 
Fic. 1. General scheme of glucose degradation | (C 
| ine 
of 3 per cent hydrochloric acid in anhydrous methanol was added to 100 a 
mg. of glucose. Glucoside formation was carried out by refluxing the — pas 
mixture for 18 hours. At the end of this period, the solution was cooled fe 
and 0.2 gm. of silver carbonate was added. The silver chloride and excess sl 
silver carbonate were removed and the supernatant solution was evapo- ay: 
rated in a stream of dry air. If crystals did not form on evaporation, a © . 
seed of methyl glucoside was added. After crystallization was complete, = 
the methyl glucoside was recrystallized from methanol; yield 31 mg., m.p. oe 
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160-163° (reported 166°). The glucoside was oxidized with lead tetra- 
acetate by the method of Abraham (13), yielding C-3 as barium carbonate. 

Measurement of Radioactivity—All samples to be assayed were mounted 
on stainless steel disks which had a plating area of 1.60 sq. cm. Samples 
of glucosazones, mesoxalaldehydes, and formaldimedons were plated from 
30 per cent ethanol and barium carbonate was plated from water. Sam- 
ples between 3.0 and 8.0 mg. were counted on a proportional flow counter 
(14). All samples assayed had activities several times background. 
Counts were corrected with appropriate absorption factors. 

Limits of Degradation—Glucosazones, 1 ,2-bis(phenylhydrazone)mes- 
oxalaldehydes, and barium carbonates were usually plated in duplicate or 
triplicate. In some cases the degradation was repeated. The values 
shown in Tables I and II are averages. The activities of duplicates of 
glucosazones, dimedons, and barium carbonates differed by.a maximum 
of +5 per cent. 1,2-Bis(phenylhydrazone)mesoxalaldehydes differed by 
+10 per cent. Authentic samples? of uniformly labeled C'-glucose, 
glucose-1-C', glucose-2-C™, and glucose-6-C™ were subjected to the degra- 
dation procedure. The results agreed with those to be expected within 
the limits just stated, except that they showed that the methyl] glucosides 
oxidized were contaminated by glucose to as much as 4 per cent. 


Results 


The experimental results on liver slices from twelve rats variously 
prepared are presented in Table I. The per cent of activity found 
in the several fractions obtained from degradation of the liver glycogen 
and the glucose of the medium and the ratio of the activities of C-1,2,3 
to C-4,5 plus C-6 (last column) show the following points: (1) No 
significant difference was found between the distribution of activity 
in the glucose carbons of the glycogen compared with the distribution of 
activity of the glucose carbons of the medium in any one experiment. (2) 
When liver slices from normal fed rats were incubated with pyruvate-2- 
C™ alone (Experiment 1), asymmetry was found (ratio of (C-1,2,3)/- 
(C-4,5 + C-6) = 0.8). (3) When liver slices from normal fed rats were 
incubated with pyruvate-2-C"™ plus non-radioactive glycerol (Experiment 2) 
or glucose as added substrate (Experiment 3), there was even more marked 
asymmetry, 0.6 and 0.7, respectively. (4) When liver slices from diabetic 
fed rats or normal fasted rats were incubated with pyruvate alone, the 
ratios were unity, indicating that the distribution of radioactivity was 
symmetrical. 

? Uniformly labeled C'-glucose was obtained from the Nuclear Instrument and 
Chemical Corporation, Chicago, Illinois. Glucose-1-C', -2-C™, and -6-C™ were ob- 
tained from Dr. H.S. Isbell, National Bureau of Standards, Washington, D. C. 
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According to present concepts of carbohydrate metabolism, the ratio of 
the specific activities of C-1 to C-6, C-2 to C-5, and C-3 to C-4 should be 
the same and equal to the ratio of C-1,2,3 to C-4,5,6. Therefore, since 


Table II, we have compared the calculated values for C-1,2,3, C-2,3,4, 


™ | | the specific activities of C-2 and C-4 were not individually determined, 
| their activities were calculated as follows: 
£65) X (C-1,2,3) | = X (C45 + C6) 
(C-4,5+ C6) ’ (C-1,2,3) 
ae Table II presents these derived values for C-2 and C-4 and the experi- 
TaBLeE II 
. ' Derived and Experimentally Determined Values for C-2,4 and C-1,3,5,6, 
. Respectively, with Pyruvate-2-C™ As Substrate 
. Per cent of total C* in glucose carbons 
: Glucose carbon 
—| 3 Normal fed | Diabetic fed | Normah fasted 
1/8 1 15 | 15 | 16 
a: 2* | 16 | 21 | 21 
3 | 13 | 12 
i 4t | 16 | 11 | 12 
5 20 21 | 21 
ae 6 19 18 19 
| Calculated | Found Calculated Found Calculated Found 
1,2,3 44 | «4 49 
185 2,3,4 45 42 43 37 | 45 45 
| 4,5 36 34 32 30 33 31 
| 
‘| *C-2 = (C-5 X C-1,2,3)/(C-4,5 + C-6). 
t C-4 = (C-3 C-4,5 + C-6)/C-1,2,3. 
t mentally determined figures for C-1, C-3, C-5, and C-6 for the three series 
$ in which pyruvate-2-C™ was the only substrate. In the lower half of 


7 


* CG. = glucose from aly 


and C-4,5 with those experimentally determined. 

From the results, the following statements can be made: (1) There is 
little difference in the sum of C-1 + C-6 among the three series (33 to 35 
per cent). (2) The sum of C-2 + C-5 is greater in the diabetic fed rats 
and normal fasted rats (42 per cent) than in the normal fed rats (36 per 
cent). (3) The sum of C-3 + C-4 is greater (29 per cent) in the normal 
fed rats than in the diabetic fed rats (22 per cent). (4) In general, the 
distribution in the diabetic fed series is more like that in the normal fasted 


than in the normal fed series. 
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DISCUSSION 


Fig. 2 shows the presently accepted principal relationships between the 
substrates, pyruvate and glycerol, and the products, glucose and glycogen. 
Since liver glycogen and glucose in the medium have a common intermedi- 
ate, glucose-6-phosphate, it might be expected that glycogen and glucose 
carbons would have the same relative specific activities. This we have 
found to be the case. 

Pyruvate participates in the glycolytic reactions via glyceraldehyde-3- 
phosphate and glycerol via dihydroxyacetone phosphate. These two 


GLYCOGEN 


Greece 


GLUCOSE Glucose- 


Phosphate [SLUCOSE] 


Fructose-1, 6-diphosphate 


Dihydroxyacetone triose Glyceraldehyde -3- 
Phosphate jgomerase Phosphate 
4i 4% 


GLYCEROL { PYRUVATE 


Acid 
Cycle 
Fig. 2. Principal relationships between the substrates, pyruvate and glycerol, 
and the products, glucose and glycogen. 


trioses are brought to equilibrium by triose isomerase. Condensation of 
these trioses forms the hexose, fructose-1 ,6-diphosphate, which is con- 
verted to glucose and glycogen. Dihydroxyacetone phosphate contributes 
C-1 ,2,3 of the glucose molecule and glyceraldehyde-3-phosphate C-4 ,5 ,6. 
If condensation of labeled glyceraldehyde phosphate (derived from labeled 
pyruvate) with dihydroxyacetone phosphate (derived from unlabeled 
sources) occurs before isotopic equilibrium is achieved, the specific activity 
of C-4,5,6 would be higher than that of C-1,2,3. The larger the non- 
radioactive 3-carbon pool the greater the asymmetry to be expected. 
Thus, non-radioactive glycerol would be expected to provide non-radio- 
active dihydroxyacetone which, if condensed with the radioactive glycer- 
aldehyde, would result in asymmetry. Glucose in the medium or glycogen 
in the liver would also be expected to provide a non-radioactive 3-carbon 
pool, Our observations of asymmetry are consistent with such expecta- 
tions, for as the fasted state was approached the asymmetry decreased. 
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It is conceivable that Bidder’s (15) much discussed observation (16) of 
asymmetric labeled glucuronic acid formed by liver slices from labeled 
lactate may have resulted from formation of asymmetric glucose similar to 
that reported herein. 

Observations in vivo of Schambye, Wood, and Popjak (3) on liver glyco- 
gen formed from labeled glycerol by fasted rats indicated that C-1 ,2,3 
of glucose units had a higher specific activity than C-4,5,6. The result 
obtained in our Experiment 2 in vitro with labeled pyruvate and unlabeled 
glycerol is consonant with the observations in vivo of Schambye et al. On 
the other hand, Doerschuk (17) found no evidence of asymmetry in liver 
glycogen of fed rats to which labeled glycerol had been administered. 
Furthermore, in preliminary experiments in vitro in our laboratory with 
glycerol-C™, we failed to observe asymmetry in the glucose molecule. 
This is a problem on which additional experiments in vitro would be de- 
sirable. 

Considerable activity has been found in all the carbons of the glucose 
molecule formed from pyruvate labeled in only a single position. The 
amount of activity in C-1 plus C-6 is a measure of the number of pyruvate- 
2-C™ molecules that have entered the dicarboxylic acid shuttle before 
incorporation into the glucose molecules. The difference in activity 
between C-2 plus C-5 and C-1 plus C-6 is a measure of the number of 
pyruvate-2-C™ molecules incorporated into the glucose molecules without 
first entering the tricarboxylic acid cycle. The amount of activity in 
C-3 plus C-4 is a measure of the amount of pyruvate which was first oxidized 
to CO, and then incorporated into the glucose molecules. We have 
therefore used the relative activities of the glucose carbons to estimate 
the relative participation of these reactions of pyruvate in the formation 
of glucose. 

On applying the method of Lorber et al. (2) to the normal fasted series 
(Table I1), the distribution of activity of the glucose isolated may be rep- 


resented as being constituted from two types of isotopic glucose: pe 
16 12 12 19 


C—C— C and —C—C—C—C. Thus the amount of pyruvate- 
2-C™ that has gone to glycogen directly is about one-thirteenth (7 to 94) 
of that involved in the reactions of the tricarboxylie acid cycle prior to 
deposition as glycogen. Lorber et al. (2) concluded from their data that, 
of the labeled lactate carbons administered to rats, less than one-sixth 
entered the glycogen directly. From the results of Topper and Hastings 
(1), on ine oe of liver slices from fasted rabbits with pyruvate-2-C"™, 
a ratio of 1:7 is obtained. In our diabetic fed series, the ratio is 1:11 and 
in the tote fed series, 1:50. While these ratios depend upon small 
differences in C™ content, and these differences are not large compared to 
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the errors present in the methods, apparently much more pyruvate is in- 
corporated directly into glucose in the diabetic fed than in the normal fed. 
The similarity of distribution of pyruvate activity in the diabetic fed and 
normal fasted is in agreement with the observations of Renold et al. (18) 
who studied the metabolism of labeled pyruvate and glucose by liver in 
vitro of normal and diabetic rats. It is in accord with their suggestion that 
in the diabetic liver there is an accelerated conversion of 3-carbon inter- 
mediates into glucose. 

Using the approach of Topper and Hastings, one can estimate the pro- 
portion of pyruvate molecules which are (a) phosphorylated directly, (b) 
equilibrated with symmetrical dicarboxylic acids before phosphorylation, 
and (c) converted to C“O,. For the normal fed series this ratio is found 
to be 1.1:37:62, for the diabetic fed 6:43:51, and for the normal fasted 
4.2:42:53. Again, a similarity between the diabetic fed and normal 
fasted livers and a striking difference in direct phosphorylation between 
the normal fed and diabetic fed livers are apparent. Thus, in the normal 
fed rat liver, some 99 of 100 molecules of pyruvate metabolized are involved 
in the tricarboxylic acid reactions while 1 is phosphorylated directly. In 
the diabetic fed rat liver, of 100 molecules almost the same number, 94, 
is involved in the tricarboxylic acid cycle, but 6 are phosphorylated directly. 
There is no apparent difference in the three series with regard to the propor- 
tion of pyruvate molecules entering the shuttle of the tricarboxylic acid 
cycle. A smaller proportion of pyruvate molecules appears to be oxidized 
to COs by the liver of diabetic fed animals than by the liver of normal 
fed animals (51:62). Such a decrease would be in accord with the sug- 
gestion of others (19) that there exists a biochemical lesion within the tri- 
carboxylic acid cycle in diabetes. 

The possibility exists that some of the Sieptiataiets formed in 
the course of the experiment might have been oxidized to 6-phosphoglu- 
conolactone and then metabolized via the direct oxidative pathway (20, 21). 
We have evidence that this reaction did not occur to a significant degree 
in our experiments. Dr. James Ashmore, using C-1, C-6, and uniformly 
labeled glucose, has studied in our laboratory the extent to which glucose 
is metabolized to carbon dioxide through the oxidative pathway. He finds 
that the metabolism of glucose by this pathway is less than 10 per cent 
under our experimental conditions. His results are in agreement with 
those of Katz, Abraham, Hill, and Chaikoff (22). 


SUMMARY 


Rat liver slices were incubated with pyruvate-2-C™ under a variety of 
experimental conditions. Crystalline glucose was isolated from the glyco- 
gen formed in the liver and the glucose formed in the medium. The 
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glucose was degraded so that the specific activity of all its carbon atoms 
could be determined. 

1. The distribution of activity in the glucose from the glycogen was the 
same as that of the glucose from the medium for each incubation. 

2. With pyruvate-2-C", asymmetrical labeled glucose was obtained, 
the extent of the asymmetry appearing to depend on the availability of 
non-radioactive trioses. 

3. The distribution of activity in the glucose and glycogen formed by 
liver slices from normal fed, diabetic fed, and normal fasted rats with 
pyruvate-2-C"™ as substrate was determined. The data indicate that a 
relatively larger proportion of pyruvate metabolized is directed to glucose 
by the liver of diabetic and fasting animals than by that of normal fed 
animals. 
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STUDIES OF THE UROPORPHYRINS 
IV. REEXAMINATION OF A CRUCIAL WALDENSTROM PORPHYRIN* 


By C. J. WATSON ann MARIE BERG 


(From the Department of Medicine, University of Minnesota Hospital, Minneapolis, 
Minnesota) 


(Received for publication, September 7, 1954) 


The Waldenstrém porphyrin of urine from cases of acute porphyria was 
initially believed to be uroporphyrin III (1-3). Grinstein and coworkers 
(4) and Watson, Schwartz, and Hawkinson (5) reported that it was an 
association or complex of uroporphyrin I with a smaller fraction of a type 
III isomer containing seven COOH groups. The preponderance of type I 
isomer in the complex was subsequently confirmed by others (6-8), but 
very recently Rimington and coworkers, while acknowledging that the 
Waldenstrém porphyrin is an association of type I and III isomers, have 
described evidence indicating that uroporphyrin III comprises approxi- 
mately 75 per cent and uroporphyrin I 25 per cent of the complex. This 
conclusion was based on comparisons with mixtures of uroporphyrin I from 
congenital (erythropoietic) porphyria urine and uroporphyrin III from 
turacin (9). Mixed melting point curves (10), x-ray crystal powder pat- 
terns (11), infra-red spectra, and the Falk-Benson paper. chromatographic 
method with two solvent pairs (12) were employed. It was assumed that 
preliminary MgO chromatography (13) was adequate to insure the sole 
presence of a (uro) porphyrin with eight COOH groups. It may be noted, 
however, that Rimington! and coworkers, either with this or other methods, 
have observed a 7-COOH porphyrin only in insignificant amounts. Grin- 
stein et al. (4) described a 7-COOH or “208” porphyrin (ester) as a signifi- 
cant component of the Waldenstrém porphyrin type A complex; 7.e., that 
resolved by CaCO; chromatography into a major fraction of uroporphyrin 
I, and a minor fraction, the “208”, type III isomer. The type B complex, 
although found to include similar proportions of type I and III isomers on 
decarboxylation, behaved as an entity on CaCO; (5). In 1950, Gray (7) 
isolated a uroporphyrin of the latter type from the urine of a case of acute 
porphyria (Hannah 8.) and reported that it was preponderantly uroporphy- 
rin I. Rimington' has recently studied Gray’s porphyrin by the methods 


* Aided by the John and Mary Briggs Fund for Porphyria Research, and under 
contracts with the Atomic Energy Commission and the Surgeon General’s Office, 
United States Army, sponsored by the Commission on Liver Disease, Armed Forces 
pidemiological Board. 

' Personal communications. 


537 


538 WALDENSTROM PORPHYRIN 


mentioned above and concludes that it is mainly a type III uroporphyrin. 
Rimington’s study included decarboxylation, the results of which were de- 
scribed! as follows: ‘““The copro- fraction was subjected to one crystalliza- 
tion from CHCl;-CH;0OH with concentrated solutions. Crystals were de- 
posited with melting point rather indefinite from 220—234° and an intensely 
colored mother liquor remained. Chromatography of the crystals and 
mother liquor separately by the Chu method showed mainly coproporphyrin 
I + some III in the crystals and mainly coproporphyrin III + some I in 
the mother liquors.” On this basis it was concluded that the coproporphy- 
rin obtained was ‘“‘clearly mainly coproporphyrin III with some copropor- 
phyrin I also present.”” No quantitative data are available. 


EXPERIMENTAL 


Professor Rimington kindly provided us with 11 mg. of the Gray uro- 
porphyrin ester, and, since it is obviously of crucial importance with respect 
to the differing results just referred to, a careful reexamination has been 
made as to the amounts of coproporphyrins I and III provided upon de- 
carboxylation. It was first ascertained that, in agreement with Riming- 
ton’s findings, the Gray porphyrin ester behaved entirely as a uroporphyrin 
by MgO chromatography as performed according to Nicholas (13). By 
the Falk-Benson paper chromatographic method (12) it behaved as a 40:60 
mixture of uroporphyrin I and uroporphyrin ITI? (turacin). Rimington! re- 
ported the melting point to be 255-258°; we noted 244—250°, with some 
charring above 224°. This was unchanged after MgO chromatography, 
but a definite change was noted after purification on CaCO;. The ma- 
terial behaved as an entity, or “type B Waldenstrém complex” (5), moving 
down on the column as a single zone. A very small fraction, presumably 
unesterified, remained on top and was not identified. The Waldenstrém 
ester was eluted in CHCl; @ absorption 626.1 my» (maximum), m.p. (from 
CHCl; methy] alcohol) 260—262°; after four recrystallizations, 261—263°. 

X-ray crystal powder patterns were studied and compared with those of 
uroporphyrin I and III (turacin) methyl esters. The interplanar spacings 
are recorded in Table I. It is believed significant that the patterns from 
MgO alone, and from MgO- and CaCO;-purified material, are distinct. 
It is also evident that neither pattern is identical with that of uroporphyrin 
I or ITI. 

Decarboxylation was carried out on material both as it was received and 


? Provided through the courtesy of Professor Rimington. As will be described 
separately, we have not thus far been able to isolate a homogeneous or unequivocal 
uroporphyrin ITI from any source, including various samples of turacin available to 


us. 
8 Provided through the courtesy of Professor Rimington (see foot-note 2). 
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after CaCO; chromatography (Runs a and b, as discussed in the following). 
The improved procedure of Edmondson and Schwartz (14) has been used, 
as, With amounts up to 5 mg., this usually permits a much more efficient 
conversion to coproporphyrin. 

In Run a 4.3 mg. were decarboxylated. The tube broke in the oven, 
owing probably to too rapid heating. 4.2 mg. were recovered, resealed, 
and reheated in 0.3 N HCl. After cooling, the reaction was adjusted to 


TABLE I 
z-Ray Crystal Powder Patterns of Gray Uroporphyrin Methyl Ester 
Interplanar spacings in angstrom units. 


M 
L77W. |) oLa7W. 2.05 M. 1.81 W. 1.76 W 
2.06 “ 2.05 M. 3.34 W. 1.93 « 2.04 M 
2.75“ | 3.17W. 3.65 2.11 3.11 
3.19“ | 3.66M. 3.90 M. 2.22 « 3.66 
343“ 4.14 4.148. 2.72 « 3.88 W 
3.69“ W. 4.42 M. 3.02 4.06 S. 
4.148. | 4.70M. 4.67 3.17 M. 4.21 
425M. 5.20 3.44 « 4.65 
4.47“ | 8.16 8.32 W. 3.65 5.17 
4.70 S. 3.85 « 5.81 W. 
5.20 4.10 S. 8.16 
5.73 4.47 M. 
8.24 4.80 
5.26 
5.81 W. 
| 8.16 


W. = weak; S. = strong; M. = medium. 
* See foot-note 2. 


pH 4.0 by addition of NaOH and NaOQOCCHs, and the porphyrin was re- 
moved by ether extraction. All but 31.5 y was ether-soluble. This small 
fraction was discarded. The porphyrin in the ether phase was extracted 
by 1.5 Nn HCl, which was mixed with 10 volumes of a mixture of CH;0H 
and H.SO, (19:1), and allowed to stand overnight. The porphyrin ester 
was then extracted with CHCl; and this solution worked up in the usual 
way (4). After concentration to dryness under reduced pressure, the res- 
idue was redissolved in CgHe, and a few drops of petroleum ether were 
added. CaCO; chromatography was then carried out in the usual way 
(4,5). A small brown, non-fluorescing zone remained on top during elu- 
tion with CHCl ;-C.H, (1:9). This was not further identified. A broad 
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single red fluorescing zone moved downward on the column. When about 
half way, the column was allowed to dry and the red fluorescing zone was 
cut out (4). The porphyrin ester was eluted from the CaCO; with CHC]. 
After concentration and addition of hot methyl alcohol, the porphyrin ester 
crystallized readily in the fluffy, hair-like needles characteristic of copropor- 
phyrin I methyl ester. The yield of the first crystallizations, determined 
fluorometrically as coproporphyrin, was 2.4 mg.; m.p. of crystals, 220-240°. 
After two recrystallizations the melting point was 242—-246°. The crystals 
were now washed with cold absolute ether, in which coproporphyrin III 
methyl ester is much more soluble than type I. The ether was almost 
colorless and contained but 100 y of coproporphyrin, the great majority 
being insoluble. After a third recrystallization from CHCl;-CH;0OH the 
melting point was essentially unchanged at 244-246°, and as the molten 
material cooled it became completely crystalline again at 233°. As Jope 
and O’Brien (15) have shown, these melting and solidification points in- 
dicate at least 95 per cent coproporphyrin I. The melting point of pure 
coproporphyrin I methyl ester is generally given as 250°, while copropor- 
phyrin III ester has a dimorphic melting point: 148°; remelted, 172°. The 
combined mother liquors contained 0.39 mg. of coproporphyrin. The final 
yield was 1.68 mg., representing 50 per cent of the theory (4.2 mg. of uro- 
porphyrin equivalent to 3.3 mg. of coproporphyrin). This yield, however, 
represented approximately 68 per cent of the total coproporphyrin obtained 
from the CaCO; column. By the Chu-Green paper chromatographic 
method (16) the 0.49 mg. in the mother liquors and ether wash contained 
more type III than type I, but, as seen in Fig. 1, the behavior was atyp- 
ical for coproporphyrin. By the fluorescence quenching technique (16) 
the amounts of the two isomers were about equal. The combined porphy- 
rin from these fractions crystallized slowly from methyl! alcohol in small 
rosettes (coproporphyrin III habitus). After two recrystallizations the 
melting point was over the range 160—-205°. On cooling the melt, the ma- 
terial did not crystallize sharply. It was evident in Run a that some loss 
had occurred; thus comparison with the results in Run b are believed signifi- 
cant, since in this run no difficulty was encountered, such as the accident 
at the outset in Run a. However, in Run b there was also the difference 
that the uroporphyrin ester was subjected to CaCO; chromatography prior 
to decarboxylation. The amount decarboxylated was 5 mg. The pro- 
cedure and subsequent treatment were as given above for Runa. Only a 
trace of porphyrin was insoluble in ether after decarboxylation. The total 
porphyrin ester behaved as a single zone on CaCQs, a trace of unidentified 
material remaining on top of the column. The fluffy hair-like crystals 
from CHCl;-CH;0H melted at 247-250°. The mother liquor was only 
faintly colored. The maximum of the a absorption band of the crystals 
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dissolved in CHCl; was 622.1 my, identical with that of coproporphyrin 
ester. After three recrystallizations the melting point was constant at 
251-252°. On cooling the melt, the material became crystalline from 235- 
230°. The yield was approximately 3.4 mg. The combined mother liquors 


Fia. 1 Fia. 2 


Fic. 1. Paper chromatogram of decarboxylation products from Runs a and 6b, by 
Chu-Green method (16). Red fluorescence photographed under ultraviolet light 
(General Electric flood light No. E.H4 with Corning Corex A filter, secondary yellow 
filter No. 3484 at camera). 1, coproporphyrin I; 2, coproporphyrin III; 3, Run a, 
recrystallized four times; 4, Run a, upper brown zone; 5, Run b, recrystallized four 
times; 6, mother liquor from Run b (68 per cent coproporphyrin III by fluorescence 
quenching technique); 7, 50 per cent coproporphyrin I, 50 per cent coproporphyrin 
III. 

Fic. 2. Paper chromatogram by Falk-Benson method of Gray uroporphyrin em- 
ployed in Runs ¢c and d compared with reference porphyrins. 1, uroporphyrin I; 
2, 208”? porphyrin with a trace of 6-COOH porphyrin; 3,Gray porphyrin after MgO, 
as used in Run c; 4, Gray porphyrin after MgO and CaCO, as used in Run d; 6, ar- 
tificial mixture of equal parts of uroporphyrins I and III (turacin, Rimington’s). 
All of the above porphyrins were methyl esters. 


contained but 0.12 mg. of porphyrin. Chu-Green chromatography of this 
fraction showed type III > I; fluorescence quenching 70 per cent type III. 

Further runs (c and d) were made on an additional 6 mg. sample of the 
same uroporphyrin ester, which was kindly supplied by Professor Gray. 
The melting point of the material as received was 248-255°. By Falk- 
Benson chromatography it behaved as a mixture of uroporphyrins I and 
ITI* (30:70) (Fig. 2). After MgO chromatography, 250—-257°; after MgO 
and subsequent CaCO; chromatography, 258-262°. Run c was made on 
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2.5 mg. of the former (MgO only) and Run d on 2.34 mg. of the latter (MgO 
and CaCQ3), each being decarboxylated individually. Subsequent treat- 
ment of each was the same as above for Runs a and b. The product in 
each instance was almost wholly ether-soluble, giving the coproporphyrin 
spectrum. The methyl ester was crystallized in each instance, as seen in 


Table IT. 


The final yield of coproporphyrin from each of the above runs was stud- 


ied by infra-red spectrometry .4 


TABLE II 


In each instance identity with copropor- 


Coproporphyrins from Runs c and d (Material Obtained from Professor Gray) 


Run c, MgO only 


Run d, MgO + CaCOs 


Uroporphyrin decarboxylated, mg. 
M.p. after lst crystallization, °C. 


2.5 
220-239 (mother liq- 
uor red-brown) 


2.34 
235-242 (mother liq- 
uor light red) 


Times recrystallized 8 5 

Final m.p., °C. 241-244 244-247 
Yield, mg. 1.12 1.15 
Mg. in combined mother liquor 0.3 0.10 


Yield of crystals, coproporphyrin I, 
% of theory* 60 65.5 
Proportion of isomers types I, III 
Chu-Green method (16) 
Crystallization I I 


Mother liquor Ill >I 
Fluorescence quenching (Schwartz 

et al. (17)), % Ill 

Crystallization 17 5 

Mother liquor 75+ 75+ 


* Uroporphyrin to coproporphyrin. 


phyrin I methyl ester was observed, the spectra being easily distinguished 
from that of coproporphyrin III. Interplanar spacings for the x-ray crys- 
tal powder patterns from Runs ¢ and d are given in Table III. 

From the above data it appears that a slightly better yield of purer 
material resulted after CaCO; chromatography. The findings in Runs a 
and 6 also indicate that the accident during decarboxylation was also a 
factor in reducing the yield and producing a complex mixture. This sim- 


‘ Studied through the courtesy of Professor Bryce Crawford and Mr. R. C. Golike, 
Department of Physical Chemistry, University of Minnesota. The curves were ob- 
tained with Nujol mull preparations and a Perkin-Elmer infra-red spectrometer, 
model 12C, modified for double pass. 
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ply emphasizes that differences in technique may give rise to some con- 
fusion, although this was insufficient to affect the main conclusion that 
type I isomer was preponderant. 


TaBLeE III 


z-Ray Crystal Powder Patterns of Coproporphyrin Obtained by Decarborylation of 
Gray Uroporphyrin, Compared with Four Standard Coproporphyrin Isomers* 


All porphyrins were studied as the methy] esters. 


from Gray 
Run ¢ Run d 

1.70 W. 2.06 M 3.06 S. 2.77 W. 2.05 W. 1.77 W. 
2.07 2.84 W 3.29 3.198. 2.31 2.04 ‘ 
2.32 “* 3.29 M 3.52 W. 2.32 
2.39 3.428 3.67 S. 4.14 * 2.93 2.75 
2.77 M. W. 3.56 W 3.84 4.36 ‘ 3.02 M. 2.92 * 
2.91 W. 3.758 4.03 W. 4.60 W. 3.21 W. 3.02 M. 
3.00 S. 3.95 4.19 5.26 3.49 3.21 W. 
3.19 M. 4.17 4.448. 5.81 3.77 8. 3.35 
3.34 W. 4.38 M 4.86 ‘‘ 7.00 M. 3.90 W. 3.52 ‘ 
3.52 4.60 ‘ 5.29 M. 8.32 4.108. 3.75 8. 
3.768. 4.80 ‘ 5.89 S. 11.30 W. 4.25 W. 3.88 W. 
3.89 W. 5.45 5 6.59 W. 13.77 ‘* 4.708. 4.08 S. 
4.128. 6.04 W 7.23 S. 4.96 W. 4.25 W. 
4.68 9.188 8.17 W. 5.20 4.708. 
4.97 W. 11.30 W 9.58 8S. 5.52 M. 4.86 W 
5.45 M. 5.88 W. 5.14 ‘ 
5.89 M. W. 6.49 ** 5.45 M 
6.44 ‘ 8.64 ‘ 5.88 W 
7.17 W. 9.48 6.39 
8.32 7.60 
9.38 8.64 

9.38 


* Type I isolated from feces of erythropoietic (congenital) porphyria; Type III 
from diphtheria bacilli; Types II and IV provided through the courtesy of Professor 
A. Treibs, Organisch-chemisch Institut der technischen Hochschule, Munich, Ger- 
many. 


DISCUSSION 


So far as can be determined, Rimington’s conclusion that the copropor- 
phyrin obtained from Gray’s uroporphyrin is mainly type III (see above) 
is based on the relatively large proportion of porphyrin remaining in the 
(methanol) mother liquor, together with the result of the Chu-Green 
method (16) applied to this porphyrin. The latter technique, while of con- 
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siderable value, has distinct limitations, at least in our experience: (1) with 
amounts less than 0.4 y, there is an increasing error in favor of type III; 
the opposite is true as the amount is increased above 0.5 7; (2) if the copro- 
porphyrin ester has not been crystallized quite recently, the result may 
differ significantly from that obtained with freshly purified material. This 
indicates that minor alterations or impurities may affect the method sig- 
nificantly. With respect to the relative amount of coproporphyrin I and 
III esters remaining in the mother liquor, it may be noted that in excep- 
tional instances, especially on the first crystallization, the amount of copro- 
porphyrin I remaining in solution is surprisingly large. While the color 
intensity of the first mother liquor noted in Runs a, b, and d was not as 
great as that indicated by Rimington, it is seen that considerably more 
porphyrin remained in the mother liquor in Run a than in Run BJ, also in 
Run c than in Run d. In fact, the data actually suggest that a larger 
amount of coproporphyrin III was formed in Runa than in Run b. While 
the spectroscopic data and behavior on MgO and CaCO; failed to indicate 
the presence of any other than coproporphyrin, the behavior by Chu-Green 
chromatography indicated a distinct difference (Fig. 1). It is believed 
quite unlikely that any actual difference in isomer ratio was induced, but 
it does appear that a more complex mixture of porphyrins, or of porphyrins 
and impurities, occurred in Run a compared with Run b. 

We have repeatedly noted significant differences between CaCO; and 
Mg0O in respect to the behavior of the Waldenstrém porphyrin associations. 


Thus the type A Waldenstrém porphyrin which is resolved on CaCO; into | 


uroporphyrin I and the “208” porphyrin regularly behaves as an entity 
on MgO, with the Nicholas method. It is also of considerable importance 
that the type A porphyrin often runs quite similarly to uroporphyrin ITI 
by Falk-Benson paper chromatography, despite the fact that uroporphyrin 
I is its major component when resolved on CaCQs. 

Cookson and Rimington (18) state that the uroporphyrin obtained by 
heating crystalline porphobilinogen (19) in vitro is mainly uroporphyrin 
III. As described in detail separately, the methyl] ester of the copropor- 
phyrin (or coproporphyrins) which we have obtained on decarboxylation 
of this uroporphyrin behaves quite differently from the corresponding mix- 
tures discussed in the foregoing and regularly obtained by decarboxylation 
of the Waldenstrém porphyrin from acute porphyria urine. The copropor- 
phyrin ester mixture from the porphobilinogen uroporphyrin is character- 
ized by an unusual degree of solubility in methyl] alcohol, the mother liquor 
being darkly colored. This seriously interferes with recrystallization of 
small amounts from CHCl;-CH;0OH, although the ester crystallizes well 
from benzene-petroleum ether (b.p. 30-60°). The melting point of the 
crystals obtained in either way is not sharp, at first from 160—-220°; with 
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repeated recrystallization, from 160-190°. We have not been able to pre- 
pare a pure coproporphyrin III from this mixture. Even more important 
however, has been the striking paucity of coproporphyrin I, with its char- 
acteristic relative insolubility in methyl alcohol and high melting point, as 
noted above and previously (4, 5). This indicates that the uroporphyrin 
formed by heating crystalline porphobilinogen, either in the solid state or 
in acid aqueous solutions, differs significantly from the Waldenstrém por- 
phyrin in acute porphyria urine or formed during the process of isolation. 
It should be noted that the term Waldenstrém porphyrin was first employed 
by us (4, 5) to designate the porphyrin isolated by Waldenstrém’s and other 
methods from unheated human porphyria urine. According to Gray (7), 
the Waldenstrém ester, which is the subject of the present study, was ob- 
tained from urine kept at refrigerator temperature. Studies which are 
still in progress indicate that heating the urine according to Rimington 
introduces significant differences in the direction of formation of a greater 
proportion of isomers other than type I. ‘This work will be reported in a 
separate communication. It may be noted, however, that with the pres- 
ence of type II and IV isomers in a Waldenstré6m complex formed by heat- 
ing porphobilinogen (20) it would be anticipated that the resultant crystal- 
line ester would have physical characteristics differing from a simple mixture 
of uroporphyrins I and III, such as was used by Rimington e¢ al. (10-12) 
as a reference compound in studying the mixed melting point, x-ray crystal 
powder pattern, and Falk-Benson paper chromatographic behavior of 
Waldenstrém esters from acute porphyria urine. 


SUMMARY 


1. A reexamination has been made of a Waldenstrém porphyrin isolated 
originally by C. H. Gray from the urine of a case of acute porphyria. Al- 
though Gray reported that this porphyrin was chiefly type I isomer, it was 
subsequently stated by Rimington to be mainly type III. 

2. Calcium carbonate chromatography of this porphyrin ester was found 
to elevate the melting point and alter the x-ray crystal powder pattern as 
compared with material obtained after magnesium oxide chromatography 
alone. 

3. By Falk-Benson chromatography the porphyrin behaved as though 
a& major portion of the complex were type III. Semiquantitative decar- 
boxylation revealed, however, that the resulting coproporphyrin was mainly 
type I, as identified by ester melting point, Chu-Green chromatography, 
fluorescence quenching behavior, infra-red spectrum, and x-ray crystal pow- 
der patterns. From this it is concluded that the original uroporphyrin 
complex was preponderantly type I. 
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As discussed in the preceding paper, the Waldenstrém uroporphyrin 
complex obtained from acute porphyria urine (1-3) often behaves mainly 
as a type III isomer when subjected to the Falk-Benson chromatographic 
procedure (4), even though decarboxylation, on a semiquantitative basis, 
reveals that the molecular complex contains a preponderance -of type I. 
The Falk-Benson method was stated to separate the methyl] esters of uro- 
porphyrins I and III, the former as isolated from erythropoietic (congen- 
ital) porphyria urine, the latter from certain samples of turacin. This 
method is an adaptation of the Chu-Green procedure (5), which has been 
used to separate coproporphyrin I and III methyl esters on paper. The 
Waldenstrém complex behaves mainly as uroporphyrin III (from turacin) 
by the Falk-Benson method, regardless of whether it is type A or B by 
CaCO; chromatography; in other words, whether it is resolved into a major 
fraction of uroporphyrin I, and a minor fraction of the so called ‘‘208” 
porphyrin (see below), or whether it behaves as an entity (2, 3). The 
Waldenstré6m complex isolated by Gray (6), as studied in the preceding 
paper, belonged in the latter category. Waldenstrém porphyrins of both 
types have now been isolated by a variety of methods from a number of 
cases of porphyria, both intermittent acute and “cutanea tarda,” to permit 
reexamination by newer methods, including the Falk-Benson technique. 
The results of this study will be described in the next paper of this series. 
It will suffice to note at present that these studies confirm the observation 
mentioned above; 7.e., that the uroporphyrin complex isolated by Walden- 
strém’s method (1) and certain other procedures not employing heat is 
often indistinguishable on paper chromatography from uroporphyrin III, 
even though subsequent decarboxylation and examination of the copro- 
porphyrins obtained clearly revealed that the complex was preponderantly 
type I isomer. This suggested that it would be of interest to mix uropor- 


* Aided by the John and Mary Briggs Fund for Porphyria Research, and under 
contracts with the Atomic Energy Commission and the Surgeon General’s Office, 
United States Army, sponsored by the Commission on Liver Disease, Armed Forces 
Epidemiological Board. 
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phyrin I and the ‘‘208” type III (heptacarboxy]l) porphyrin in proportions 
similar to those which have been observed in the type A Waldenstrém 
porphyrin and to note the behavior of this mixture under various circum- 
stances. Accordingly the following experiments were carried out. 


EXPERIMENTAL 


The uroporphyrin I employed had been isolated from the urine of a 
typical case of erythropoietic (congenital) porphyria. This was Case 72 of 
our total porphyria cases and has been described elsewhere in detail (7, 8). 
The methyl ester was recrystallized repeatedly from chloroform-methy] 
alcohol. The melting point was 288-292°. This behaved as uroporphyrin 
I by Falk-Benson chromatography. On decarboxylation nearly all of the 
coproporphyrin formed was type I isomer; the fluorescence quenching tech- 
nique indicated the presence of traces of type ILI, while the Chu-Green 
method indicated all type I. 

The “208” porphyrin was obtained from a pool of type A Waldenstrém 
porphyrin isolated as follows from four cases of intermittent acute porphy- 
ria (Cases 42, 138, 141, and 158 (8)); 4 day urine collections were obtained 
from each, alkalized with NazCO; from the outset of collection. The indi- 
vidual collections were adjusted to pH 4.0 with acetic acid, and the pre- 
formed porphyrin was adsorbed by shaking with several batches of tale. 
The residual urine contained the porphobilinogen, which was isolated by 
Westall’s method (9). The talc from all of the collections was pooled, and 
the porphyrin was eluted with CH;OH-H.SO, (19:1). After standing 
overnight, the eluate was mixed with a small amount of CHC]; and a large 
volume of water in a separatory funnel. The CHCl; was washed with 
water, ammonia, and NaCl solution in the usual way (2), the filtered CHC]; 
solution was concentrated to dryness under reduced pressure, and the total 
porphyrin dissolved in benzene. After adding a few drops of petroleum 
ether, the solution was run through a CaCO; column as described previously 
(2,3). It has been known for years that many samples of CaCO, are un- 
suitable for this purpose or even for separation of uro-, copro-, and proto- 
porphyrins. A brief discussion is warranted as to the selection of the 
CaCO 3. It has recently been found that the iodine number, as applied to 
MgO for other chromatographic purposes, is useful in ascertaining the value 
of any given sample of CaCO; for porphyrin work. The iodine number is 
defined as millimoles of I, adsorbed by 1 gm. of the material being studied, 
X 100, after being shaken for 5 minutes with 20 ml. of CCl, containing 
2 mg. of I.. Of six samples of CaCO, of various origins, the range of iodine 
number was from 130 to 208. The samples ranging from 170 to 177 proved 
very satisfactory in separating uroporphyrin I, the “208” porphyrin, copro- 
and protoporphyrin; three, with iodine numbers of 138, 140, and 149, were 
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not retentive enough and two of 191 and 208 were too retentive. Merck 
U.S. P. CaCO3, No. 52552, dried at 37° in thin layers, had an iodine number 
of 177 and proved very satisfactory. The spread of values with MgO is 
greater and thus of even greater value.!. Three samples have been studied: 
Merck Nos. 51R6180, 51R6181, and 51R6182. The iodine numbers re- 
ported by Merck and Company? were 114, 29, and 54, respectively. We 
found 110, 25, and 50; thus it is evident that the method is reproducible 
within reasonable limits. Of these three only the second (iodine number 
25) was satisfactory, and this permitted excellent separation of uro-, copro-, 
and protoporphyrin according to Nicholas’ method (10). It may be em- 
phasized, however, that it has not been possible to resolve the type A 
Waldenstrém porphyrin into uroporphyrin I and the “208” porphyrin with 
MgO, as is regularly achieved with a suitable CaCQ3. 

With the above pool of Waldenstrém type A porphyrin ester, the first 
CaCO; column achieved separation of a broad zone of uroporphyfin methyl 
ester (a absorption band at 626.1 my) and coproporphyrin (622.2 my). 
On rechromatographing the uroporphyrin fraction, a relatively narrow zone 
separated below the main uroporphyrin, in the manner previously noted 
(2). The @ absorption of this zone, diluted in CHCl;, was 625.6 mu. 
After three recrystallizations the melting point was from 205-209° and the 
yield approximately 4 mg. The upper uroporphyrin zone eluted in CHC]; 
had an @ absorption band at 626.0 my, and upon repeated recrystallization 
the melting point of the methyl ester was 278-282°. The yield was ap- 
proximately 14 mg. 

Experiment 1—2.1 mg. of the above ester melting at 205-209° (7.e., the 
“208”? porphyrin ester) were dissolved in a small amount of CHCl;, and 
this was mixed with 8.4 mg. of uroporphyrin I methyl ester in CHC). 
The volume was 6 ml. The amount of 0.3 ml. was removed for various 
studies, including chromatography on CaCO; (2, 3), MgO (10), and the 
Falk-Benson paper chromatographic method (4). The remainder was 
concentrated to dryness under reduced pressure with but slight heating, 


1A much greater spread is obtained for CaCO; by the use of coproporphyrin I or 
mesoporphyrin 9 rather than I2, the methyl ester of either porphyrin being used in the 
ratio of 1:1000 with CaCO;. It is convenient to use 0.1 mg. of ester in 15 ml. of ben- 
zene and to shake the solution with 100 mg. of CaCO;. The porphyrin number is the 
per cent removed by the CaCO;. A sample (Merck, U.S. P. precipitate), which re- 
solved porphyrin mixtures very well and separated the ‘208’’ porphyrin, had a cop- 
roporphyrin number of 34; for another that was much too retentive the number was 
88 and a third, not sufficiently retentive, had a porphyrin number of 10. The same 
three CaCO; samples had mesoporphyrin numbers of 61, 80, and 34, respectively. 

2? Information as to the I, number and also various samples of CaCO; and MgO 
were kindly supplied by Dr. Robert Peck, Merck and Company, Ine., Rahway, New 
Jersey. 
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and the total porphyrin ester was saponified by dissolving it in 7.5 N HCl 
and allowing the solution to stand overnight. This solution was then 
neutralized partly with NaOH and NaOQOCCHs, finally with NaeCOs; solu- 
tion, the reaction at the end being adjusted to pH 8.0. This solution, 
measuring 50 ml., was added to 150 ml. of freshly passed normal urine, pH 
7.0. The final pH was slightly less than 8.0. The mixture was refrigerated 
at 4° for 2 days and then worked up as follows: The pH was adjusted with 
HCl to 3.2 + 0.2 (gray-blue to Congo paper). Three extractions with ethyl 
acetate were then made, partial emulsions being separated by small amounts 
of ethyl alcohol. About 90 per cent of the total porphyrin was extracted. 
Most of the porphyrin was removed from the ethyl acetate by repeated 
shaking with | per cent sodium acetate solution; a very small fraction was 
then extracted with 1.5 n HCl. These solutions were combined. The 
ethyl acetate solution was irradiated for 5 minutes in a Pyrex flask with a 
mercury arc lamp. No further porphyrin appeared, showing that no re- 
duction of the porphyrin had taken place during the period of exposure to 
the urine. The aqueous extract was adjusted to pH 4.0 + 0.2 with acetic 
acid mixed with 0.5 volume of acetone, and run through a column of Al.O; 
(Merck’s for chromatography), which was first washed with 50 per cent ace- 
tone. The total porphyrin was eluted and esterified with methyl! alcohol- 
H.SO, (19:1), and the methyl ester then taken into CHC]; as described 
above. After washing with water, ammonia, and NaCl solution, the CHC], 
solution was then concentrated under reduced pressure and subjected to 
MgO chromatography (10). All of the porphyrin ester was eluted by 0.5 
per cent methyl! alcohol in CHCI,; in other words, as a uroporphyrin. The 
solution contained 6.15 mg. The ester behaved as an entity or “type B 
Waldenstrém ester” (3) on a CaCO; column. The crystals from CHCl1,- 
CH;OH melted at 258-262°, essentially unchanged on recrystallization. 
The mother liquor was almost colorless and contained but 42 y of uropor- 
phyrin. The @ absorption band of the crystals in CHC]; was located at 
626.2 mu (maximum). 

Falk-Benson chromatography revealed that with the amounts found to 
be satisfactory for uroporphyrins I and III this artificial Waldenstrém com- 
plex behaved mainly as type III, despite its known composition of 80 per 
cent type I (Fig. 1). It is seen that with increasing concentrations on 
paper a greater proportion behaved as type I, the majority, however, still 
running as type III. It was believed highly significant that there was no 
spot corresponding with that of the “208” porphyrin ester when run alone 
or in simple mixture with uroporphyrin I ester unexposed to urine. This 
is regarded as further evidence of a molecular association. 

5.0 mg. were subjected to decarboxylation by the improved technique 
of Edmondson and Schwartz (11). All of the porphyrin was now ether- 
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soluble and after esterification exhibited but one zone on CaCO ;. The 
chromatographed product crystallized readily from CHCl;-CH;0H. Quan- 
titative and other data for crystallization and a number of recrystalliza- 
tions are presented in Table I. 

Experiment 2—Uroporphyrin I ester of the same source and characteris- 
tics as in Experiment | was mixed with a ‘‘208” porphyrin ester isolated in 
the same way from a case of “mixed” hepatic porphyria. This individual, 
Case 86 in our series (8), a male aged 48 years, had previously shown photo- 


Fic. 1. The Falk-Benson method applied to the artificial Waldenstrém porphyrin 
methyl ester as compared with the esters of other porphyrins. 1, uroporphyrin I 
0.5 y; 2, uroporphyrin IIT 0.5 y; 3, “£208” porphyrin 0.5 y; 4, uroporphyrin I + 208” 
(4:1) 0.57; 4, uroporphyrin I + uroporphyrin ITI (1:3) 0.5 y; 6, artificial Waldenstrém 
porphyrin (Experiment 1) 0.1 y; 7, same, 0.3 y; 8, same, 0.5 y; 9, same, 1.0 y. 


sensitivity and cutaneous lesions, but at the time of isolation of the ‘‘208” 
porphyrin ester had only abdominal and leg pain of intermittent character, 
despite the same degree of light exposure as before. Reasons for this differ- 
ence in relation to hepatic porphyrin and precursor content have been 
discussed elsewhere (8). A pool of Waldenstrém type A porphyrin ester of 
about 30 mg., obtained from many 24 hour urine samples from this patient, 
served as the source of ‘‘208”’ porphyrin ester; m.p. 206-208°. The melting 
point of the Waldenstrém ester itself was constant at 258—260° after several 
recrystallizations. A number of CaCO; columns were necessary to separate 
the entire amount into its constituent uroporphyrin I and “208” porphyrin 
esters. 6 mg. of the latter were obtained as the methyl ester. Of this, 
2.06 mg. were mixed with 8.0 mg. of uroporphyrin I ester as in Experiment 


C] 
en | 
lu- 
m, § 
ed | 
ith | 
yl | 
its 
ed | 
‘as |} 
‘he | 
la § 
va 
to 
tic 
2); 
ce- 
ol- 
ved 
Cl, 
to 
‘he 
‘Le 
on. 
or- 
at 
tO 
per 
on 
till 
no 
me 
his 

jue 
er- | 


552 PREPARATION OF PORPHYRIN 


1. After saponification and adjustment of pH to 9.0 the 25 ml. solution of 
free porphyrin was mixed with 75 ml. of normal urine (from a different sub- 
ject than in Experiment 1). The final pH was approximately 8.0. The 
mixture was refrigerated at 4° overnight and then acidified with HC! and 
extracted with ethyl acetate as before. Although the major part of the 
porphyrin passed into the organic solvent, a considerable amount, much 
more than in Experiment 1, remained in the urine. The ethy] acetate 
fraction, worked up as in Experiment 1, yielded 3.48 mg. of crude, crystal- 
line ester. The material remaining in the urine was recovered by adsorb- 
ing it, after adjustment of the pH to 4.0, on tale, and then eluting it with 


TaBLeE 


Data Relating to Crystallization of Coproporphyrin Esters Obtained by Decarborylation 
of Artificial Waldenstrém Porphyrin Obtained in Experiment 1 


Mother liquor 


Chu-Green Guenching method (12), 

92 | 143 
2 238-245 #4184 I> III 48 £479 
3 242-247 140 I> II 63 88 
Ether wash 104 I> WL 24 | 25 
4 (246-248 20 I | | 2 
Final crystallization | «2100 6 126 

2704 463 or 15% of total 


An x-ray crystallographic study was carried out on the final crystals. The pat- 
tern was identical with that of coproporphyrin I. 


dilute ammonia. The eluate was neutralized with HCl, a small amount of 
sodium acetate was added, then 0.5 volume of acetone, after which the 
porphyrin was adsorbed on AlsO; and eluted and esterified with methyl] 
alcohol-H2SO, (19:1). From this point the methy!] ester was handled in 
the usual way, crystallizing readily from CHCl];-CH,OH (1.43 mg.). Both 
ester fractions behaved as entities (uroporphyrin) by MgO chromatog- 
raphy. By Falk-Benson chromatography about 30 per cent of the total 
ran as uroporphyrin I in the first instance and about 20 per cent in the sec- 
ond, despite the known composition of 80 per cent type I in both. It was 
again significant that the only spots observed corresponded with those of 
uroporphyrins I and III; that which characterizes the ‘208’ porphyrin 
either alone or in a simple mixture with uroporphyrin I ester in CHCl; 
failed to appear. The crystals of the major fraction (ethyl acetate) melted 
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at 258-260° after three and four recrystallizations; those of the smaller frac- 
tion (tale) melted at 265-270° also after three and four recrystallizations. 
1.2 mg. of the former and 1.1 mg. of the latter were decarboxylated, yielding 
0.78 and 0.5 mg. of coproporphyrin methyl ester, respectively. Both 
crystallized readily, very little porphyrin remaining in the mother liquor. 
The total coproporphyrin ester from the ethyl acetate fraction (0.78 mg.) 
behaved mainly as type I, with a minority of type III, on Chu-Green chro- 
matography; by the fluorescence quenching method of Schwartz et al. (12), 
there was 30 per cent type III in this fraction. This value significantly 
exceeds the theory of 20 per cent; 7.e., the proportion of ‘‘208”’ porphyrin in 
the original mixture. It is recognized, however, that this method permits 
only a rough approximation. The melting point after the first erystalliza- 
tion was 232-240°. Very little porphyrin remained in the mother liquor. 
The total coproporphyrin from the tale fraction (see above) amounted to 
0.5 mg. After one recrystallization the melting point was 242-246°. The 
total mother liquor contained but 0.042 mg. 

The uroporphyrin esters from both experiments were subjected to x-ray 
crystal powder pattern analysis.* The interplanar spacings are presented 
in Table II. They may be compared with those of naturally occurring 
Waldenstré6m porphyrins as well as with uroporphyrin I and III and the 
“208” porphyrin. 

The following experiments served as further controls for the above 
studies. 

Experiment 3a—10 mg. of uroporphyrin I methyl ester, m.p. 288- 
292°, were saponified by standing overnight in 7.5 N HCl. After neutrali- 
zation with NaOH and NaOQOCCHs, the solution (25 ml.) was slightly al- 
kalized with NasCO;. This was mixed with 75 ml. of fresh normal urine, 
final pH about 8.0. The mixture was refrigerated at 4° overnight, then 
acidified with 3.0 xn HCl to a gray-blue Congo paper reaction (pH 3.2). 
From this point on the treatment was exactly as in Experiment 2. The 
total uroporphyrin extracted by ethyl acetate amounted to but 0.31 mg.; 
that from the subsequent tale adsorption was 4.38 mg. The crystalline 
methyl ester obtained by ethyl acetate extraction melted at 290-294° and 
behaved entirely as uroporphyrin I by the Falk-Benson method; that from 
the subsequent tale adsorption melted from 287-292°, unchanged after 
four recrystallizations. This also behaved as uroporphyrin I by Falk- 
Benson chromatography. 


* We are indebted to Professor William Lipscomb, Division of Physical Chemistry, 
University of Minnesota, for use of the powder camera, also for valued advice and 
assistance. The following apparatus was used: powder camera from the Central 
Research Laboratories, Red Wing, Minnesota (diameter 17.95 cm. for 180°); x-ray 
unit from General Electric. 
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Experiment 3b—Several mixtures of uroporphyrin I ester (288-292°) and 
the “208” porphyrin ester (206-208°) were mixed in varying proportions in 
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Angle measured in cm. 


II 
z-Ray Crystal Powder Patterns 


Uro 


1.22 


1.14 W. 
1.09 M. 


1.06 5. 


1.01 W. 


0.95 S. 


0.91 W. 


0.85 8. 


0.76 W. 


0.54 


2885 


7-COOH | 


_ 
or 


Waldenstrém porphyrin, natural 


Type At 


0.53 W. 0.53 “ 


porphyrin, 


artificial 


Gray, 
Type B 


2.56 W. 


2.19 


1.62 


0.54 * 


M. = medium; W. = weak; S. = strong. 
* From turacin, provided through the courtesy of Professor Rimington. 
t Individual isolations from different cases of porphyria. 


order to observe resolution by MgO and CaCO; chromatography without 
The mixture was made in CHC], solution, 
The residue 


prior treatment with urine. 
which was then taken to dryness under reduced pressure. 


Type At 


0.54 “ 
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Type B, Ex- 
periment 2 


== 


3.11 W. 


2.13 M. 


was subjected in each instance first to MgO (10) then to CaCO; chroma- — 
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tography (2) (Table III). The mixtures and results with CaCO; are 
presented in Table III. No resolution was observed with MgO. 
Experiment 3c—To control the possible effects of concentration under re- 
duced pressure, mild heating, and saponification of esters with strong HCl, 
4.2 mg. of the same uroporphyrin I methy! ester and 1.05 mg. of ‘208” 
porphyrin ester of the same source were mixed in CHC}, solution and evacu- 
ated to dryness with gentle heating in the water bath under reduced pres- 
sure. The mixed ester residue was dissolved in 7.5 N HCl and allowed to 
stand overnight. The pH was then adjusted to approximately 3.2 (gray- 
blue to Congo paper) and the solution extracted repeatedly with ethyl 
acetate. This contained 0.88 mg. of a free uro type porphyrin, while 3.45 
mg. of free porphyrin were obtained from the aqueous phase. After rees- 
terification, the former was crystallized with ester, melting point of 203- 


TaB_e III 
Resolution of Mixtures of Uroporphyrin I and ‘‘208”’ Esters by CaCO; Chromatography 
Sample No. “mace M.p. 
1 1.6 mg. uroporphyrin I + 0.4 mg. 1 282-285 
**208’’ porphyrin ester 2 206-208 (0.31 mg.) 
2 1.0 mg. uroporphyrin I + 1.0 mg. 1 284-288 
**208”’ 2 202-207 (0.85 mg.) 
3 0.2 mg. uroporphyrin I + 1.0 mg. 1 282-288 
2 204-206 (0.9 mg.) 


206°, the latter of 278-282°. While these melting points indicate that res- 
olution by the ethyl acetate extraction was not complete, it is evident 
that this mixture behaved quite differently toward ethyl acetate than in 
the experiments with urine (Experiments 1 and 2). 


DISCUSSION 


From the above data it is clear that a molecular association of 80 per cent 
uroporphyrin I and 20 per cent “208” porphyrin (type III, heptacarboxy]), 
similar to that previously isolated from acute porphyria urine (2, 3), is likely 
to be confused with uroporphyrin III (from turacin), on the basis of Falk- 
Benson chromatography. It is believed significant that a mixture of these 
porphyrins, in the ratio mentioned, on standing in normal urine provides 
an association behaving as an entity, or so called “type B Waldenstrém”’ 
porphyrin. After repeated recrystallization a constant ester melting point 
is observed such as characterizes the naturally occurring Waldenstrém 
porphyrin ester. Control studies showed, however, that simple mixtures in 
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the same and in varying proportion, not exposed to urine, were readily 
resolved on CaCO;, but noton MgO. These and other studies have made it 
fully evident that the latter adsorbent cannot be expected to resolve either 
mixtures or molecular associations of uroporphyrin I and the “208” por- 
phyrin, but that a suitable CaCQs, z.e. one with an iodine number of 170 to 
180, will readily effect this separation. This is believed to account for the 
failure of others to isolate the ‘‘208” porphyrin ester. Similarly, paper 


chromatography with lutidine-water (13), carried out at 23° with 2,6- and . 


2 ,4-lutidine descending (24 hours) as well as ascending (5 hours) and with 
the mixtures suggested by Erikson (14), did not resolve the Waldenstrém 
complex, either A or B, although the A type is readily resolved by use of a 
suitable CaCO;. The behavior of the A type on Falk-Benson chromatog- 
raphy is quite variable. Further studies bearing on this point are described 
in a separate communication. 

The differing x-ray crystal powder patterns are of considerable interest. 
The fact that differences are found not only between the “artificial” and 
naturally occurring Waldenstrém esters, but among the latter as well, 
indicates that the term ‘“‘Waldenstrém porphyrin” refers to a group of 
molecular associations rather than to any sharply defined entity. That 
minor differences may occasion significant variations in powder pattern 
was emphasized by the differing patterns for the Gray porphyrin ester fol- 
lowing CaCO ; as against MgO purification described in Paper IV. In 
Table IT it is seen that the pattern obtained from the artificial Walden- 
strém ester of Experiment 2 was not as clearly defined as that of Experi- 
ment 1. This has been true on several repetitions, and the reason for the 
difference is not clear. It may be noted, however, that the pattern in Ex- 
periment 2 is essentially as clear as that of the standard uroporphyrin III 
obtained from Professor Rimington. Kennard and Rimington (15) have 
shown that the powder patterns of simple mixtures of the uroporphyrins 
(I and III) are quite diffuse over a considerable range of varying propor- 
tions. In the case of the present artificial Waldenstrém esters a molecular 
complex is assumed, both because of the relatively sharp powder patterns, 


especially with that obtained in Experiment 1, together with the behavior — 
as an entity on CaCO, and the constant melting point on repeated recrys- | 


tallization. It has also become evident in recent studies that, at least as 
exemplified by coproporphyrins I and IIT, isomers themselves may asso- 
ciate or form complexes and crystallize in a manner productive of a sharp 
powder pattern differing from that observed with a simple mixture of the 
crystalline esters. 

Since completion of the above studies a paper has appeared by Dresel 
and Tooth (16) in which evidence is presented that under certain specific 
conditions uroporphyrin I may be extracted quantitatively from aqueous 
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solution by ethyl acetate. It is not stated whether this method permits 
extraction from urine. In the present study the conditions at least closely 
simulated those of Waldenstrém ef al. (1) and the results were essentially 
similar; in other words, uroporphyrin I was poorly extracted, while the 
Waldenstrém type porphyrin was efficiently removed by ethyl acetate. It 
may also be noted that in Experiment 3c ethy! acetate failed to extract 
uroporphyrin | efficiently from an aqueous solution in the absence of urine. 


SUMMARY 


1. A mixture of 4 parts of uroporphyrin I with | part of the “208” (type 
Ill) porphyrin, dissolved and allowed to stand in normal urine, behaves as 
a single or type B Waldenstrém porphyrin, such as is often obtained from 
acute porphyria urine. 

2. The complex thus formed is largely extracted from the urine at pH 3.2 
by ethyl acetate, in accord with Waldenstrém’s observation and in contra- 
distinction to uroporphyrin I. 

3. The complex isolated as the crystalline methyl ester has the melting 
point characteristic of the natural Waldenstrém ester, 258-260°. 

4. The complex behaves as an entity both by CaCO; and MgO chroma- 
tography. A simple mixture of uroporphyrin I and the 208” porphyrin 
esters in the same proportions in CHC}; likewise behaves as a single uro- 
porphyrin by MgO chromatography, although readily separable on CaCO; 
or by the Falk-Benson paper method. 

5. The artificial Waldenstrém ester, although known to be composed of 
80 per cent uroporphyrin I, behaves mainly as a type III uroporphyrin by 
the Falk-Benson method. No spot for the “208” porphyrin is observed. 
This is also true for lutidine-water paper chromatography. 

6. Semiquantitative decarboxylation of the artificial Waldenstrém por- 
phyrin and study of the resulting coproporphyrins confirm the value of 
this method in determining the isomer ratio of molecular associations. 

7. X-ray crystal powder patterns reveal distinct differences between 
artificial and natural Waldenstrém esters, and significant variations are 
observed among the latter, even in relation to the method of purification of 
the same ester. 


Grateful acknowledgment is made of technical assistance by Irene Bos- 
senmaier, Ruth Cardinal, and Mary Ann Farisy. 
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A CHEMICAL COMPARISON OF THREE STRAINS OF 
TOMATO BUSHY STUNT VIRUS* 


By DONALD ve FREMERYf anv C. A. KNIGHT 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, November 18, 1954) 


Chemical analyses of thirteen different strains of tobacco mosaic virus 
(TMV) demonstrated that the nucleic acid compositions were essentially 
identical in all strains studied, though distinctly different from those of all 
other plant viruses that were investigated (1-3). However, the protein 
composition was shown to vary from strain to strain, with the exception of 
three pairs of strains which appeared to have identical amino acid content. 

These studies of TMV indicated that the mutation of a virus-‘might be 
accompanied by a measurable change in the amino acid composition, while 
the nucleic acid composition remained unchanged. It was considered de- 
sirable to investigate an entirely different plant virus to see whether the 
same strain relationship was observed. For this purpose, several recently 
described, closely related strains of tomato bushy stunt virus (BSV) (4) 
were selected. The three strains were selected on the basis of their widely 
differing effects on the plant, Datura stramonium. These strains were cul- 
tured, purified, and analyzed for their protein and nucleic acid composition. 
The results of the analyses are reported herein. 


Materials and Methods 


Mutant Strains—The original inocula of the three strains were obtained 
from Dr. R. L. Steere, who had isolated them by repeated passage through 
local lesions in Nicotiana glutinosa. <A brief description of the effects of 
the three strains on the host plant, D. stramonium, is given below. 

Strain BS3—This strain causes an appreciable stunting of the plants. 
In addition, the leaves appear to be blistered and show a mottled discolora- 
tion, light greenish to yellow. 


* This investigation was supported in part by a research grant, C-2162 M and I, 
from the National Cancer Institute of the National Institutes of Health, Public 
Health Service, and by grants from the Lederle Laboratories Division, American 
Cyanamid Company, and the Rockefeller Foundation. The material was taken from 
a thesis submitted by Donald de Fremery in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, University of California, 1954, and was pre- 
sented in part before the Division of Biological Chemistry at the meeting of the 
American Chemical Society at New York, September 12.17, 1954. 

t Fellow of the National Science Foundation. Present address, University of 
California Medical Center, San Francisco 22, California. 
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Strain BS9—This strain is characterized by a pronounced chlorosis of 
the leaves which present brilliant patches of yellow. The plant, however, 
is not dwarfed; nor are the leaves disfigured. 

Strain BS10-——This is perhaps the mildest of all the strains isolated. In- 


fected leaves show slightly darker green patches. As in BS9, there is no — 


stunting or leaf distortion. 

The viruses were purified by the method of Stanley (5) with the follow- 
ing modifications: The freshly harvested plants were worked up immedi- 
ately, instead of being frozen. The plants were minced in a commercial 
food cutter! rather than in a meat grinder. In no step of the purification 
was any salt added to the preparation; nor was refrigeration used for any 
of the centrifugal separations. BS3 gave up to 1.2 gm. of dried virus per 
liter of expressed sap, while infection with the other two strains resulted 
in much lower yields, less than 300 mg. on the same basis. 

Nucleic Acid Analysis—Phosphorus analyses were carried out by the 
method of Nakamura (6). When analyses were to be performed on dried 
virus preparations, the virus was dissolved directly in 60 per cent per- 
chloric acid at an appropriate concentration. In order to provide a basis 
for expressing results in terms of moles base per mole of phosphorus, phos- 
phorus determinations were also made on aliquots of the virus hydroly- 
sates for nucleotide analyses. 

The method used for the determination of the various nucleotides in 
the nucleic acid was that of Smith and Markham (7). Since Dorner and 


Knight (3) have shown that nucleic acid analyses of the whole virus give © 


essentially the same results as analyses of the isolated nucleic acid, de- 
terminations were carried out with the unfractionated material. A cor- 
rection was employed for the slight amount of hydrolysis of cytidylie and 
uridylic acids to cytidine and uridine, respectively. In the chromato- 
graphic system used (¢-butanol-HCl-water), the cytidine spot coincided 
with that of adenine, while uridine migrated to a position intermediate 
between cytidylic acid and uridylic acid. In standard hydrolysates, how- 
ever, no uridine spot could ever be detected by visual observation. On 


the other hand, a calculation of the 260:280 ratio of the adenine spot indi- | 


cated that there was a small but definite contribution to the light absorp- 
tion by cytidine. The amount of cytidine was 3 to 5 per cent of the total 


we 


amount of cytidylic acid. The exact amount was calculated by the use — 


of simultaneous equations with the observed optical densities at 260 and 
280 my, and the extinction coefficients of standard nucleotides run simul- 
taneously. 

The purine-bound pentose of each strain was qualitatively identified as 


}Ilobart food cutter model T125. 
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ribose by paper chromatographic methods, as previously described (3), 
with aliquots of the same hydrolysates employed for determination of the 
nucleotide compositions. 

Protein Analysis—The protein moiety of the virus was analyzed by the 
method of Moore and Stein (8). The virus samples were hydrolyzed in 
sealed tubes in vacuo with 200 times their weight of glass-distilled, constant 
boiling hydrochloric acid for 17 hours at a temperature of 112-115°. All 
the samples were hydrolyzed at the same time to minimize variations in 
the conditions of hydrolysis. As the results were to be expressed as micro- 
grams of amino acid per microgram of phosphorus, an aliquot of each 
hydrolysate was removed for phosphorus analysis. 

Two controls were subjected to the hydrolysis conditions at the same 
time that the samples were being hydrolyzed. The first was a “hydroly- 
sis” control, designed to measure the extent of decomposition occurring to 


TABLE I 
Phosphorus Content of Some Mutants of Tomato Bushy Stunt Virus 


— 


Strain No. No. of determinations | Per cent P | S.d.* 

20 1.58 0.030 
19 | 1.58 0.051 
1.61 | 0.029 


*Standard deviation of the distribution. 


the individual amino acids during hydrolysis. It was prepared by dissolv- 
ing an accurately weighed amount of each amino acid to be analyzed in 
glass-distilled, constant boiling hydrochloric acid. Since the hydrolytic 
losses of amino acids are increased in the presence of carbohydrate ma- 
terial (9), a small amount of ribose, the naturally occurring pentose of 
bushy stunt virus nucleic acid, was included. The second control was 
designed to correct for the amount of glycine which may arise during 
strong acid hydrolysis of nucleic acid-containing compounds, as has been 
discussed by Smith and Markham (7). It was prepared by dissolving a 
mixture of nucleotides (in the same proportions as they occur in bushy 
stunt virus nucleic acid) in glass-distilled, constant boiling hydrochloric 
acid, 

The elution and photometric analysis were carried out as described by 
Moore and Stein (8, 10), with only one modification. This concerned the 
small peak which appears before aspartic acid. The color value of this 
peak, which has been identified by Schram et al. (11) as methionine sulf- 
oxide, was determined, and the calculated methionine equivalent was 
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added to the methionine value of the normal peak appearing just before 
isoleucine. 


Since the results of the arginine determination by the chromatographic | 


method were not reproducible, arginine was analyzed by the method of © 

TABLE Il 

Nucleic Acid Compositions of Some Mutants of Tomato Bushy Stunt 
Virus* 
Strain No. 
Base S.d.t 

| BS10 
0.263 0.260 0.259 0.0031 


* The results are expressed in terms of the moles of base per mole of phosphorus. 
¢t Standard deviation of the distribution. 


TaB_e III 
Amino Acid Composition of Some Mutants of Tomato Bushy Stunt Virus* 
Strain No. Strain No. 
Amino acid — S.d.t Amino acid S.d.t 
BS3 BS9 BS10 BS9 BS10 

Alanine 3.703.87 3.76 0.120 Lysine (2.212.24 2.25 0.087 
Aspartic acid 6.706.94 6.70 0.108 | Methionine 0.520.65 0.71 0.035 
Cystine 0.0 0.0 0.0 | Phenylalanine 2.622. 78 2. 61 0.112 
Glutamic acid 3.58 3.65 3.49 0.112 Proline 2.08 2. 00 2.02 0.092 
Glycine 3.343.49 3. 37 0.125 Serine 4.23 4.04 4.14 0.142 
Histidine 0.880.95 0.84 0.080 Threonine 6.03 6.08, 5.95, 0.150 
Isoleucine 1.97 2.16 1.98 0.072 Tyrosine 2.142.35, 2.29, 0.117 
Leucine 6.526.65 6. 51 0.127 Valine 5.405.22 5.33 0.191 


* The results are expressed in terms of micrograms of amino acid per microgram 
of phosphorus. 
7 Standard deviation of the distribution. 


Sakaguchi (12). Amide nitrogen was determined by the method of 
Fraenkel-Conrat and Olcott (13). A correction was applied for the small 
amount of ammonia which arose from the deamination of the nucleotide, : 


cytidylic acid. Tryptophan was determined in the intact virus by the , S sit: 


method of Spies and Chambers (14), and cysteine was determined in the | 
native virus by the method of Tsao and Bailey (15). 
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Results 


The results of the phosphorus and nucleic acid analyses are shown in 
Tables I and II, respectively. As indicated in Table II, the sum of the 


TABLE IV 


Constituents of Some Mutants of Tomato Bushy Stunt Virus Determined 
by Methods Other Than Column Chromatography* 


Strain No. 
Constituent S.d.t 
BS3 BS9 BS10 
0.74 0.71 0.75 0.025 
0.67 0.65 0.65 0.018 
Amide nitrogen................ 1.17 1.16 1.15 _ 0.020 


* The results are expressed in terms of per cent dry weight. 
t Standard deviation of the distribution. 


TABLE V 
Amino Acid Composition of Some Mutants of Tomato Bushy Stunt 
Virus* 
| Strain No. Strain No. 
Amino acid Amino acid 
| | BS9 BS1O 
Alanine 4.7 | 4.9) 4.8 | Lysine 
Arginine 5.7 | 5.9 5.7 | Methionine 0.7 | 0.9 | 1.0 
Aspartic acid = 9.2 9.5 9.2 Phenylalanine | 3.7 3.9 | 3.7 
Cysteine | 0.6 0.6 0.6 Proline 28) 2.7 2.7 
Glutamic acid | 5.0 5.1 4.9 Serine 5.6 | 5.3 5.5 
Glycine | 46 4.2 | 4.1 Threonine | 8.1 | 8.2 8.0 
Histidine 1.2, 1.3 1.2 | Tryptophan 
Isoleucine 2.7 | 3.0 | 2.7 | Tyrosine | 3.1} 3.4] 3.3 
Leucine 8.9 | 9.1 8.9 Valine 7.3 78} 7.2 


* The results are expressed in terms of gm. of amino acid residue per 100 gm. of 
virus. 


purine and pyrimidine bases is in all cases equal to the amount of phos- 
phorus present. Thus, it is apparent that there is no extensive decompo- 
sition of the bases during hydrolysis. 

The results of the amino acid analyses obtained by the Moore and Stein 
technique are presented in Table III. The “hydrolysis” control discussed 
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above suggested that the only amino acids which were unstable under the 
hydrolytic conditions employed (in addition to tryptophan) were serine, 


threonine, and tyrosine. These three amino acids were destroyed to the 
extent of 13.6, 6.5, and 6.0 per cent, respectively. The correction for the — 


formation of glycine from the decomposition of nucleic acid reduced the 
apparent glycine content by 9 per cent. 


The results of the arginine, cysteine, tryptophan, and amide nitrogen — 


determinations are presented in Table IV. The correction which was 


applied to the amide nitrogen determination amounted to approximately — 


6 per cent of the true amide nitrogen content. 
For purposes of comparison, the data of Tables III and IV were recalcu- 


lated as gm. of amino acid residue per 100 gm. of virus, and are presented | 


in Table V. The data of Table III were recalculated with the average 
phosphorus content found for the three strains of BSV; namely, 1.59 per 
cent. 


DISCUSSION 


An examination of Table I shows that, with respect to the phosphorus 
content, the samples are identical within analytical limits. Since the 
phosphorus content of a plant virus is indicative of the amount of nucleic 
acid present, it is apparent that the three strains of BSV contain similar, 
if not identical, amounts of nucleic acid. According to the data of Table 


II and the average phosphorus content found for the three strains of BSV | 


this amount is 16.5 per cent. 

From Table II, it can be seen that the amount of any particular nucleo- 
tide within the nucleic acid is essentially the same in all strains. If differ- 
ences do exist in the nucleic acid composition, they must lie below the 
limits of the present methods of analysis (+2 per cent). On the other 
hand, it is possible that the nucleotide compositions of the strains are 
identical, but that the sequence of the nucleotides or even the spatial 
arrangement of the nucleotide chain, or chains, is different from strain to 
strain. 


The data of Table III reveal a striking similarity in the compositions of — 
the proteins of the three strains studied. While a statistical analysis, © 


with Fisher’s ¢ test (16), indicates that BS9 contains significantly higher 
amounts of aspartic acid, histidine, and isoleucine than the other two 
strains, these differences are just significant at the 5 per cent confidence 
level. Since a significant difference at the 5 per cent confidence level means 


that there is a 1 in 20 chance that this difference is due to sampling varia- — 


tion alone, and since the amino acids determined represent eighteen vari- 
ables for each sample, it is clear that a 5 per cent confidence level is not 


sufficient to establish the presence of real differences. Another point which — 
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suggests that the slight differences between BS9 and the other two strains 
may be apparent rather than real is the fact that the summation of the 
amino acid residues is greater in BS9 than in either of the other strains. 
This discrepancy, although amounting to only a 2 per cent difference, re- 
flects in large part the generally higher amino acid values of BS9. <A con- 
sideration of these arguments leads one to conclude that the amino acid 
compositions of the three strains of BSV, if not identical, are very similar. 

A summation of the amino acid data, as in Table V, indicates a recovery 
of 92 to 94 per cent of the protein components in the form of amino acid 
residues. This low recovery can perhaps be explained on the basis that the 
“hydrolysis” control did not account for the decomposition of the individ- 
ual amino acids during release from peptide linkages. As this loss cannot 
be determined conveniently, the ‘hydrolysis’ control can be considered 
to provide only a minimal correction. 

If one calculates from Tables III and IV the average molar ratio of 
aspartic acid, glutamic acid, and amide nitrogen in some arbitrary units 
(e.g., micromoles per microgram of phosphorus), the values are 0.0509, 
0.0243, and 0.0521, respectively. The close similarity in the amounts of 
aspartic acid and amide nitrogen might be mere coincidence in an isolated 
case, but the fact that Knight has observed an identical situation in the 
case of several strains of TMV (17) raises the interesting possibility that 
the virus structure may contain the acidic amino acids in the form of 
asparaginy!l and glutamyl residues exclusively. 

The results of the present study on the chemical composition of three 
strains of BSV demonstrate a striking similarity in constitution between 
mutants of a virus possessing quite different biological effects. In this re- 
spect, the results agree with those found with some of the strains of TMV 
between which no chemical differences were apparent. It now appears 
that the differences between protein compositions found for some strains of 
TMV are of secondary importance and that the vital distinction between 
viral strains must lie in structural features yet to be defined. 


The authors are indebted to Dr. Dean Fraser for assistance and helpful 
suggestions in the ion exchange column chromatography, and to Dr. H. 
Fraenkel-Conrat for collaboration on the cysteine determinations. 


SUMMARY 


Three strains of tomato bushy stunt virus (BSV), which were selected 
for their widely differing effects on the plant, Datura stramonium, were 
highly purified and analyzed for their nucleic acid and protein composition. 

The content of nucleic acid, about 16.5 per cent, and its nucleotide com- 
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position were found to be the same for all strains; likewise, the purine- 
bound pentose was identified in each case as ribose. 

The protein moieties were analyzed by the Moore and Stein technique 
of ion exchange column chromatography supplemented by colorimetric 
procedures. No decisive differences were found, and hence it was con- 
cluded that the amino acid compositions of the three strains are very sim- 
ilar if not identical. 
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FAT METABOLISM IN HIGHER PLANTS 


V. A SOLUBLE PALMITATE OXIDASE REQUIRING GLYCOLIC ACID 
AS ACTIVATOR 


By PAUL CASTELFRANCO, P. K. STUMPF,* ann REBECCA CONTOPOULOU 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, October 28, 1954) 


In previous papers in this series (1) it was reported that microsomal 
particles obtained from cotyledons of germinated peanuts catalyze the oxi- 
dation of palmitic acid. Although no cofactor requirements were demon- 
strable for CO, production from palmitic acid-1-C', DPN! is specifically 
required for production from palmitic acid-2-C" and Syn- 
thetic palmityl-1-C' CoA is inactive. Furthermore, the tricarboxylic 
acid cycle is not involved in CO, formation from palmitate oxidation. 

This communication will present the results of experiments with the 
supernatant fraction of peanut homogenates, freed of mitochondria and 
microsomes by differential centrifugation. This system catalyzes a limited 
oxidative decarboxylation of palmitic acid-1-C' to C“O., and an unidenti- 
fied fragment. Internally labeled palmitic acid is inert. ATP, CoA, 
DPNt, and Mgt, as well as other cofactors, do not participate in the 
system. However, substrate concentrations of either glycolic acid or 
L-lactic acid are required for the reaction to proceed. 


EXPERIMENTAL 


Preparation of Sas—The procedure for obtaining the supernatant enzym¢ 
(Sas) by differential centrifugation of peanut homogenates has been de- 
scribed by Humphreys ef al. (1). The enzyme system is freed of small 
molecular weight compounds such as cofactors, etc., by precipitating the 
original supernatant fraction with ammonium sulfate. 

4 volumes of ice-cold, saturated ammonium sulfate solution (adjusted to 
pH 7.0) were added with constant stirring to 1 volume of crude supernatant 


* This work was supported in part by a grant-in-aid from the American Cancer 
Society upon recommendation of the Committee on Growth of the National Research 
Council. 

1 The following contractions are used: DPN, diphosphopyridine nucleotide; CoA, 
coenzyme A; ATP, adenosine triphosphate; Tris, tris(hydroxymethyl)aminometh- 
ane; AMP, adenosine monophosphate; UTP, uridine triphosphate, GTP, guanosine 
triphosphate; CTP, cytosine triphosphate; GSH, glutathione; FAD, flavin adenine 
dinucleotide; TPP, thiamine pyrophosphate; GDP, guanosine diphosphate; ITP. in- 
osine triphosphate; TPN, triphosphopyridine nucleotide. 
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fraction. The suspension of insoluble proteins was centrifuged for 5 min- 
utes at 13,000 X g at 4°: The white pellet was resuspended in 2 volumes 
of cold 0.8 saturated ammonium sulfate and the fine suspension was again W 
centrifuged for 5 minutes. The pellet was dissolved in 1 volume of 0.2M — 
Tris-0.2 m KCl buffer at pH 7.2. This preparation can be stored at — 10° 
for several weeks with little loss in activity. Exposure to 60° for 5 minutes 
at pH 7.0 completely inactivates the enzyme. ; ea 
Partial Resolution of Sas—Partially resolved enzyme was prepared by _§S, 
passing 10 ml. of Sas through a Dowex 1-Cl- column 12 mm. in diameter — 
containing 10 gm. of moist resin. The operation was carried out at 5°. I 
The eluate was treated batchwise with 25 mg. of charcoal (Darco 8-51) per __—iO. 
ml. of protein solution for 20 minutes at 0°. The charcoal is then centri- _at 
fuged. This enzyme preparation is designated as Sasr; In contrast to Sas 
this preparation cannot be stored at —10° without considerable loss in 


3 4 


activity. ta 
Substrates—Palmitic acid-1-C™ was obtained from Tracerlab, Inc., Bos- _—iO.. 
ton, and stearic, lauric, and myristic acids-1-C™ were obtained from Pro- of 


fessor I. Chaikoff, Department of Physiology, University of California. di 

L-Lactic acid-1-C™ was obtained from Professor H. A. Barker, Department _ 

of Plant Biochemistry, University of California, and glycolic acid-1-C™ 

from Dr. Andrew Benson, Radiation Laboratory, University of California. 
a-Hydroxypalmitic acid-1-C™ was prepared by the bromination of pal- su 


mitic acid-1-C“ and hydrolysis of the a-bromo acid with potassium hy- _ ti 
droxide in 30 per cent ethanol; m.p. 86-88°; reported m.p. 86-87° (2). th 
a-Ketopalmitic acid-1-C' was prepared from a-hydroxypalmitic acid-1- pi 
C™ by esterifying the hydroxy acid with diazomethane, oxidizing the we 
methyl ester with chromic acid in glacial acetic acid at 35°, and gently __ off 
saponifying the ester with potassium hydroxide in 30 per cent ethanol; +  ¢, 
m.p. 65-67°; previously reported m.p. 70-71° (3). M 
a-Hydroxypalmitic and a-ketopalmitic acids were dissolved in water and to 
neutralized with 0.1 N ammonium hydroxide to give a final concentration 
of 0.001 m solutions. st 
Reagents—0.001 m palmitic acid. Sufficient radioactive palmitic acid I( 
(approximately 105 c.p.m.) was added to carrier palmitic acid to make a ce 
total of 2.56 mg. of substrate which was suspended in 5 ml. of distilled li 
water. The suspension was then heated to boiling and 1 m NH,OH was W 
added dropwise until the fatty acid was dissolved. The solution was di- al 
luted to a final volume of 10 ml. and stored at —5°. The palmitate solu- 2 
tion was always heated to 100° to bring the substrate into complete solution ——¢¢ 
and then added to the reaction mixtures in required amounts. ge ti 
0.2 m Tris-0.2 m KCl. 0.2 m Tris buffer was adjusted to pH 7.2 with | 
6 N HCl. To 100 ml. of buffer were added 1.5 gm. of KCl. | m 
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20 per cent KOH. KOH is dissolved in boiled distilled water. 

25 per cent barium acetate. The salt is dissolved in boiled distilled 
water. 

Reaction Mixture—To study the reaction 


Palmitic acid-1-C'* xr + 


each Warburg flask contained 0.1 umole of palmitic acid-1-C", 0.5 ml. of 
Sas, Varying concentrations of cofactors, inhibitors as indicated, 0.5 ml. of 
Tris-0.2 m KCl buffer at pH 7.2, and water to a total volume of 3.0 ml. 
In the side arm was added 0.3 ml. of 5 N sulfuric acid and in the center well 
0.2 ml. of 20 per cent KOH. The reaction was permitted to go for 1 hour 
at 30°, at the end of which time acid was tipped in from the side arm to 
stop the reaction and release bound C“QO,. Shaking was continued for 10 
minutes, after which the contents of the center well were removed quanti- 
tatively. The respiratory CO», precipitated as BaCO; by the addition of 
0.3 ml. of 25 per cent barium acetate, was washed three times with 10 ml. 
of 50 per cent ethanol, and the precipitate was then plated on aluminum 
disks and counted with a thin window Geiger-Miiller tube. 


Results 


Cofactor Requirements—When palmitic acid-1-C™ is added to the crude 
supernatant fraction, a rapid release of CQO, is observed. If this prepara- 
tion is brought to 0.8 saturation with respect to ammonium sulfate, and 
the precipitate is collected and redissolved (Sas), the ability to oxidize 
palmitic acid-1-C' is lost. As summarized in Table I, this ability can be 
completely restored by the addition of boiled crude enzyme. The addition 
of AMP, ATP, UTP, GTP, CTP, GSH, CoA, DPN, TPN, cytochrome 
c, FAD, folic acid, biotin, lipoic acid, lipothiamide pyrophosphate, TPP, 
Mg**, Mn++, and Krebs cycle intermediates alone or in combination failed 
to replace the factor associated with boiled crude enzyme preparations. 

On examining the properties of this factor, it was observed that it is 
stable to acid or alkaline conditions (7 minutes in 0.1 N alkali or acid at 
100°), is adsorbed on Dowex 1-Cl- but not on Dowex 50-K*, nor on char- 
coal (Dareo 8-51), and is extracted by ether under acid conditions in a 
liquid-liquid extractor (24 hours of continuous extraction required). 
When these properties were employed as the basis for the development of 
an extraction procedure, a concentrate of the cofactor was obtained from 
2 liters of peanut homogenate prepared from 800 gm. of germinated peanut 
cotyledons. Cofactor activity was followed by testing each stage of frac- 
tionation with the Sas-palmitate-1-C'™ system. 

Since the active component had the properties of a non-volatile, small 
molecular weight acid with no nucleotide properties, the final identification 
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was made by using paper chromatographic methods developed for the 
separation of short chain organic acids. 

Peanut concentrate was chromatographed one-dimensionally with n-bu- 
tanol-formic acid as the developing solvent (4). The paper was dried, 
then sprayed with an acid indicator (0.04 per cent bromocresol green in 
95 per cent alcohol adjusted to blue-green with 1 N KOH). Three acidic 
bands appeared with Ry values corresponding to 0.5, 0.7, and 0.8. The 
entire paper was cut into strips 1 cm. wide and parallel to the origin, with 
the exception of the acidic bands which were cut out carefully. The strips 
were eluted with small volumes of water and the eluates were tested for 
activation effects. All strips were found inactive, with the exception of 
the acidic bands corresponding to the Rr values of 0.5 and 0.7. In order 
to identify the unknown bands, a series of known acids was chromato- 
graphed under the same conditions. It was found that only glycolic acid 


TABLE I 
Activation Effect for Oxidation of Palmitic Acid-1-C™ 
See under ‘“‘Experimental”’ for assay. 


Enzyme system Per cent as BaC™O; 
1. Crude supernatant fraction. 7 27 
3. ‘“ + boiled crude supernatant fraction | 26 


and lactic acid had Ry values similar to those of the unknown bands. 
When pure glycolic acid and L-lactic acid were tested for activation effects, 
they completely replaced the peanut concentrate. An analysis of the con- 
centrate showed that 25 per cent of the total weight was lactic acid and 
3 per cent glycolic acid. 

In order to rule out the possibility that activation may be caused by 
some impurity present in low concentrations in laboratory grade lactic 
acid, highly purified sodium pyruvate was reduced to pi-lactic acid with 
sodium borohydride by the method of Reid and Siegel (5). The reduction 
product completely replaced t-lactie acid. 

Specificity of Activation—The finding that either glycolic acid or L-lactie 
acid participates in some manner in the release of C™“O, from palmitic 
acid-1-C™ is not easily explained on the basis of known mechanisms for 
fatty acid oxidation. In order to clarify the specificity requirements of 
the activation, a large number of related compounds were tested and the 
results summarized in Table II. The data indicate that (a) glycolic acid 
is the most active, (b) in general, L-a-hydroxy aliphatic acids may serve as 
activators in higher concentrations, (c) D isomers are completely inert and 
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do not inhibit the system, (d) a-keto acids and B-hydroxy and £-keto acids 
are inactive, and (e) Krebs cycle acids, a,8-unsaturated acids, alanine, 
serine, and glycine do not activate or inhibit the system. 

Stability of a-Hydroxy Acids—The observation that either glycolic acid 
or L-lactic acid participates in the oxidation of palmitate by the Sas system 
would immediately suggest that these hydroxy acids undergo changes dur- 
ing the course of the reaction. However, when glycolic acid-1-C™ and 
-2-C" and pi-lactie acid-1-C™ were incubated with Sas in either the pres- 


II 
Activation of Oxidative System by Various Carboxylic Acids 


Activator Final concentration oe, 
pmoles 

Glycolie acid. 50 51 
sé l 32 
Glyoxylie acid. 50 0 
L-Lactie acid. . 50 52 
sé ‘ 10 9 
p-Lactic acid. . 50 0 
pL-Lactie acid. . 50 50 
Pyruvie acid......... 50 0 
pL-a-Hydroxybutyric acid. 50 40 
pL-6-Hydroxybutyrie “ . 50 0 
a-Ketobutyric acid. ....... 50 0 
pL-a-Hydroxyvaleric acid . 50 35 
pL-Phenyllactic acid...... 50 0 

Acrylic, crotonic, levulinic, tartronic, L- 

malic, citric, fumaric acids, glycine, ala- 


ence or the absence of palmitic acid, no radioactivity was found in the 
respiratory CO,. This result would suggest the absence of glycolic oxidase. 
In addition, paper chromatographic examination of these reaction mixtures 
for acidic derivatives such as acetic acid, oxalic acid, and formic acid did 
not reveal any new spots which could have resulted from an interaction of 
the hydroxy acids with palmitic acid. It is possible that these a-hydroxy 
acids, by participating in a cyclic process, are never degraded by the Sas 
system. 

pH Effects—The effect of pH on the liberation of C“O, from palmitic 
acid-1-C' was studied with 0.06 m Veronal buffer over the range pH 4.5 to 
11.0. Reactions were run in the presence of either glycolic acid or L-lactic 
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acid and in both instances the pH optima occurred as a rather broad 
plateau between pH 6 to 7.5. 

Reaction As Function of Time—The effect of time on the release of C“%O, 
from palmitic acid-1-C" is represented in Fig. 1. Within 60 minutes oxi- 
dation is completed in systems activated by either glycolic acid or lactic 
acid. It is noteworthy to point out, however, that the lactic acid system 
never attains the same level of completion as that of the glycolic acid 
system. This may be in line with the observation that lactic acid is re- 
quired in higher concentrations than glycolic acid before it reaches the 
level of activation attained by the latter acid. 


Glycolic acid 
80F @ L-Lactic acid 7 
A No octivotor 
oO 
60 
w 40 d 
a 
WwW 
20 q 
10 
0 


O 15 30 60 90 120 150 180 
TIME IN MINUTES 


Fig. 1. Effect of reaction time on CO: production from oxidation of palmitic 
acid-1-C' by Sas in the presence of 10 wmoles of activators. 


Effect of a-Hydroxy Acid Concentration—As depicted in Fig. 2, glycolic 
acid activates the system at a concentration level considerably lower than 
that of lactic acid. Thus at a total concentration of 1.0 umole the release 
of CO, in 1 hour is about 6.5 times greater with glycolic acid than with 
lactic acid. It is possible that the affinity of the enzyme (or enzymes) for 
glycolic acid is greater than that for lactic acid. However, kinetic analysis 
of the a-hydroxy acid activation is difficult because of a non-linear rela- 
tionship of reaction rate and enzyme and substrate concentration. It 
appears that, in part, non-linearity exists because of the adsorptive capac- 
ity of the proteins of the Sas fraction for palmitic acid. Thus, although 
an increase in enzyme concentrations should increase the rate of release of 
CO», a decrease of CO, formation is always observed, suggesting that, 
with an increased protein concentration, more protein becomes available 
for the adsorption and removal of substrate. In line with this conclusion 
is the observation that the addition of 10 mg. of serum albumin to the 
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conventional reaction mixture will completely prevent the formation of 

Substrate Specificity—Saturated fatty acids labeled in the carboxy group 
were incubated with S,s under optimal conditions and C™O, production 


Glycolic acid 
@ L-Lactic acid 
SOF ——8- 
ro) 
60 
a 
z 
40 
a 
20 


0 2 4 6 8 10 
uM ACTIVATOR (TOTAL CONC.) 


Fic. 2. Effect of activator concentration on C™O, production from oxidation of 


palmitic acid-1-C'™ by Sas. 


Taste III 
Substrate Specificity 
Substrate C atom No. Per — as 
16 42 
SES 12 <2 
Capryliie acid-1-C™. .. 8 0 


was assayed. Table III indicates that the specificity of the system is 
rather narrow; fatty acids lower than 14 carbon atoms are inert. No 
information is available for fatty acids with chain lengths greater than 18 
carbon atoms. Palmitice acids-2-C"™ and -3-C", glycolic acid-1-C"™, acetic 
acid-1-C™, and butyric acid-1-C"™ are all inert. 

Inhibitor Studies—In order to gain some insight into the mechanism of 
palmitic acid oxidation, many compounds known to inhibit specific enzyme 
reactions have been tested. Fluoride and malonate at a final concentra- 
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tion of 50 wmoles are inert. Iodoacetamide and Cut at a final concentra- 
tion of 3 wmoles, DNP at 15 uwmoles, and arsenate at 5 umoles are also 
inactive. 

Effective inhibitors include hydroxylamine, semicarbazide, arsenite, and 
imidazole. While fairly high concentrations of the first three compounds 
are required for complete inhibition, imidazole is active at low concentra- 
tions, as summarized in Table IV. 

Since these four compounds markedly reduce CO, production, it was 
hoped that they were blocking enzymes at various levels of the system and 
that a search for intermediates, which would presumably be accumulating 
under these conditions, would reveal the nature of the reaction sequence. 
However, paper chromatography of the reaction mixtures in the presence 


TaBLe IV 
Inhibitor Studies 
Inhibitor Final concentration Per cent total C™O: as BaC™O, 
None 26 
Hydroxylamine 0.2 25 
1.0 18 
5.0 5 
Arsenite 0.2 18 
1.0 8 
5.0 4 
Imidazole 0.2 2 
1.0 1 
5.0 0 


or absence of inhibitors with either butanol-formic acid or ethyl acetate- 
water system did not reveal any new radioactive spot. On analysis reac- 
tion mixtures failed to yield any volatile acids such as formic or acetic 
acid. When hydroxylamine was employed as inhibitor, no evidence could 
be found to suggest the formation of a hydroxamic acid. 

The imidazole effect is highly specific. Imido-4 ,5-carboxylic acid, uro- 
canic acid, histidine, pyrrole, indole, indoleacetic acid, and benzimidazole 
were all inert in the test system. Stadtman and White (6) have shown 
that imidazole will act as an acyl acceptor to form acylimidazole which is 
rapidly hydrolyzed to the free acid and imidazole. It was hoped that be- 
cause of the marked inhibitory effect of imidazole in this system, labeled 
fragments would be accumulated by being channeled away from the path 
of C“O, production. However, a search for acidic fragments was unsuc- 
cessful. It is possible that imidazole displays its effect in the initial stage 
of palmitate oxidation if it is assumed that palmitate first forms a palmityl- 
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enzyme complex. In the presence of imidazole, activated palmityl, in- 
stead of proceeding through the normal pathway, is transferred to imidazole 
to form a labile palmitylimidazole which is then hydrolyzed to regenerate 
palmitic acid. Thus imidazole would participate in a cyclic, short circuit- 
ing mechanism. 

Evidence for Additional Activator—After it was established that the sys- 
tem required glycolic acid or one of its analogues presumably as a cosub- 
strate, it became necessary to investigate the system for other activator 
requirements. 

When S,s is treated with Dowex 1-Cl- and charcoal (as described under 
“Experimental’’), not only glycolic acid but also boiled S,xs had to be 
added to restore activity, as summarized in Table V. Since the material 
associated with S,s is readily adsorbed by Dowex 1 and charcoal, the possi- 


TaBLe V 


Evidence for Additional Activator 
See “Experimental” for preparation of Sasr. 


Enzyme Glycolic acid Boiled Sas Per cent total CO: as 


| 
pmoles mi. 

Sask 20 3 
0.8 2 

20 | 0.8 | 14 

Sas 20 | 41 
0.8 | 7 

20 0.8 | 50 


bility existed that a nucleotide was responsible for the activation. There- 
fore, DPN, TPN, GDP, ITP, UTP, CTP, ATP, FAD, CoA, and TPP 
were tested singly and in combination with Sasz for activation effects but 
with no success. Preliminary tests indicate that the activator associated 
with Sas is acid-labile, since exposure to 1 N HCl at 100° for 5 minutes 
destroyed the activator effects of boiled Sas. 

Possible Intermediates—If it is assumed that either a- or 6-hydroxy or 
keto derivatives of palmitic acid are intermediates of the oxidation reac- 
tion, then the addition of these acids to a system oxidizing palmitic acid 
should have a marked effect on CO, formation. As indicated in Table 
VI, low concentrations of the a derivatives had a profound inhibitory effect 
on the formation of C“O., while the 8 derivatives were ineffective. This 
effect may be related to a competitive inhibition by the a derivatives of 
an essential step in the reaction sequence. 

Because of the marked inhibitory effects by a-hydroxy- and a-ketopal- 
mitie acids, a-hydroxypalmitic and a-ketopalmitic acids-1-C™ were tested 
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for activity. As shown in Table VII, while the a-hydroxy derivative was 
inert, the a-keto acid was decarboxylated more readily than palmitic acid, 
an essential requirement if the oxidation of a-ketopalmitic acid is part of 


the reaction sequence for the oxidation of palmitic acid. 
VI 
Effect of a-Hydrory-, a-Keto-, 8-Hydrory-, and 8-Ketopalmitic Acids upon Release of 5 
pom Palmitic Acid-1-C'* with Sas 
Palmitic | a-Hydroxy- | B- | | cent total 
acid-1-C** | palmitic acid acid | palmitic acid acid COs as BaC'), 
0.1 | 29 
0.1 0.1 | 3 
0.1 0.3 | 3 | 
0.1 0.1 | 0 
0.1 0.3 | | 0 
0.1 0.1 | 14 
0.1 | 
0.1 0.1 19 
0.1 0.3 20 
Tasie VII 


Comparison of Oxidation of Carboryl-Labeled Palmitic Acid, a-Hydroxypalmitic Acid, 
and a- Acid 


Enzyme system | Palmitic acid | weed | Glycolic acid | 
Sas | 0.1 l 
0.1 l 
0.1 31 
0.1 20 17 
0.1 20 ] 
| 0.1 20 46 
Boiled enzyme — 0.1 20 | 0 


Furthermore, imidazole and arsenite have no inhibitory effects on the 
release of C™O, from a-ketopalmitic acid-1-C"; glycolic and lactic acids 
have no activating effects. While it is of course obvious that the results of 
these experiments do not represent conclusive evidence for a-ketopalmitic 
acid as an intermediate, it is conceivable that this acid is part of the reac- | 
tion sequence. If so, the site of action of arsenite and imidazole as well | 
as that of glycolic acid precedes the oxidative decarboxylation of a-keto- 
palmitic acid. The observation that a-hydroxypalmitic acid-1-C" is inert 
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in the system can best be explained if it is assumed that this acid forms a 
complex with its specific enzyme and is oxidized to the corresponding keto 
acid only when held as an enzyme complex. Thus free a-hydroxypalmitic 
acid would not be in equilibrium with the bound acid and thus would not 
be oxidized. However, as a condition of oxidative decarboxylation, the 
a-ketopalmitic acid would be released from the enzyme complex in order 
to participate in the decarboxylation reaction. 

Future investigations designed to isolate intermediates of palmitic acid- 
1-C™ oxidation with non-radioactive a-ketopalmitic acid as carrier will 
provide the necessary unequivocal evidence for this postulate. 


SUMMARY 


Soluble extracts prepared from cotyledons of germinating seeds catalyze 
the oxidation of palmitic acid-1-C™, the carboxyl carbon being converted 
to carbon dioxide. No radioactive carbon is recovered in the-respiratory 
carbon dioxide when palmitic acid labeled in positions other than the 
carboxyl group is incubated with these soluble extracts. 

The reaction is stimulated by heat-stable soluble substances present in 
the extracts. These substances were identified as glycolic and lactic acids. 
No requirement for either ATP, CoA, cocarboxylase, Mgt*, Cut*, or Krebs 
cycle intermediates could be demonstrated. The reaction is inhibited by 
imidazole, hydroxylamine, and sodium arsenite. Iodoacetamide, fluoride, 
malonate, azide, copper, dinitrophenol, and arsenate do not inhibit the 
system. 

The system is equally active with labeled stearic, palmitic, and myristic 
acids, weakly active with lauric acid, and inert with capric and lower acids. 
The effect of the following variables has been studied: reaction time, pH, 
activator (glycolic or L-lactic acid) concentration, and substrate concen- 
tration. 

Carboxyl-labeled 2-hydroxypalmitic acid and 2-ketopalmitic acid were 
synthesized. The former was found to be inert in the reaction systems, 
but the latter is rapidly attacked with release of the label in the respiratory 
carbon dioxide. 
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THE AMINO ACID REQUIREMENTS OF MAN 
X. THE LYSINE REQUIREMENT* 


By WILLIAM C. ROSE, ALECK BORMAN,t MINOR J. COON,f Aanp 
G. FREDERICK LAMBERTY 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, November 29, 1954) 


Two of the earlier papers of this series dealt with the minimal require- 
ments of adult man for tryptophan (1) and phenylalanine (2), as meas- 
ured by the maintenance of nitrogen equilibrium. In continuation of this 
program, attention was next directed to the lysine needs of the human 
organism. ‘This amino acid is of special interest since many vegetable pro- 
teins have a low content or are practically devoid of it. Particularly is 
this true of certain cereal proteins which serve as important constituents 
of human dietaries. Hence, the question of the minimal lysine require- 
ment of man assumes unusual significance. The experiments outlined in 
the following pages demonstrate that surprisingly small quantities of this 
amino acid suffice, at least for the maintenance of nitrogen equilibrium in 
adults. 


EXPERIMENTAL 


Elsewhere, the reader will find detailed descriptions of the methods 
used in the conduct of the experiments (3, 1). In the present investiga- 
tion, the customary procedures were followed except with respect to the 
composition of the amino acid mixtures. Throughout the entire program 
of human studies, the make-up of these mixtures has been modified pro- 
gressively, as experience warranted, in order thereby to conserve supplies 
of costly materials. 

Two lysine experiments are presented in detail below. To save space, 
the actual data obtained in four additional tests are omitted, but the fig- 


* Aided by grants from the Nutrition Foundation, Ine., and the Graduate College 
Research Fund of the University of Llinois. 

t The experimental data in this paper are taken from theses submitted by Aleck 
Borman and Minor J. Coon in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the University of 
Illinois. Present address of Aleck Borman, The Squibb Institute for Medical Re- 
search, New Brunswick, New Jersey. Present address of Minor J. Coon, School of 
Medicine, University of Pennsylvania, Philadelphia, Pennsylvania. 

t Present address, Nutrition Research Department, Abbott Laboratories, North 
Chicago, Lllinois. 
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ures representing the minimal requirements of the subjects will be revealed 
later in this paper. 

The first subject, R. L. B., received initially a daily diet consisting of 
amino acid Mixture 87 (Table I), Wafers IV (the composition of which has 
been described in a previous paper (4)), 125.5 gm. of additional sucrose, 
and 13.65 gm. of additional butter fat. The second subject, C. H. E., 
received initially a daily diet composed of amino acid Mixture 136 (Table 


TaBLe 
Composition and Daily Intakes of Amino Acid Mirtures 


Mixture 87 Mixture 136 
Component 

used | Necontent As used content 

| gm | gm. | cm gm. 
| 4.91 0.52 9 .82* 1.05 
ee | 6.16* 0.66 6.16* 0.66 
rrr 3.68* 0.35 3.68* 0.35 
6.16" 0.72 1.20* 0.14 
Phenylalanine................ 3.00 0.25 3.00* 0.25 
Lysine monohydrochloride ..... 1.24f 0.19 1.50T 0.23 
21.60 4.03 25.68 4.79 
4.29 | 2.00 4.29 2.00 

«59.80 | 57.98 9.79§ 


* Racemic acids. 

t Equivalent to 1.00 and 1.20 gm. of free lysine, respectively. 

t Of the nitrogen contributed by this mixture, 1.20 gm. were derived from the 
p isomers of valine, isoleucine, and threonine. 

§ Of the nitrogen contributed by this mixture, 1.07 gm. were derived from the 
Dp isomers of valine, leucine, isoleucine, and threonine. 


1), Wafers IV, 202.2 gm. of additional sucrose, and 25.90 gm. of additional 
butter fat. Cellu flour, to provide a residue in the alimentary tract, and 
the vitamin pills (cf. (3)) were administered apart from the basal rations. 
The daily allotment of Mixture 87 furnished 9.77 gm. of nitrogen, of which 
1.20 gm. were derived from the p isomers of valine, isoleucine, and threo- 
nine. The daily allotment of Mixture 136 furnished 9.79 gm. of nitrogen, 
of which 1.07 gm. were derived from the p isomers of valine, leucine, iso- 


leucine, and threonine. From all sources, the daily nitrogen intakes of 


Subjects R. L. B. and C. H. E. amounted to 10.08 and 10.10 gm., respec- 
tively, of which 0.31 gm. in each instance was of an unknown nature. This 
had its origin largely in the starch present in the wafers and in lesser quan- 


tit 
ra 
su 
fre 
ture 
t 
chi 
free 
the 
ISO 
car 
salt 
tere 
Was 

amc 
| 
| in tl 
amir 


ROSE, BORMAN, COON, AND LAMBERT 581 


tities in the butter fat, liver concentrate, and lemon juice (cf. (3)). Each 
ration furnished 55 calories per kilo of initial body weight. 

The results of the experiments upon Subjects R. L. B. and C. H. E. are 
summarized in Table If. The lysine dosages are expressed in terms of the 
free amino acid, although the compound was administered in the form of 


TaBLe II 
Lysine Requirement of Man 
Period averages. 


Average daily N 


Initial NS output Average 
Daily N erage 
Urine | Feces 
pm ke oe = cm gm 
Subject R. L. B. i 
6 63.1 | 10.08 8.27 | 0.53 $1.28 gm. L-lysinet 
5 64.0 10.08 10.31 0.77 —1.00 No L-lysine 
9 64.0 10.088 9.20 0.72 +0.16 | 0.4 gm. L-lysine 
7 64.9 10.08 9.43 0.68 | —0.03 “ 
7 | 64.9 10.08 9.63 0.65 | —0.20 0.2 
4 64.4 10.08 10.40 | 0.63 -0.95 0.4“ D-lysine 
Subject C. H. E. 
7 69.4 10.10 8.52 0.98 | +0.60 1.2 gm. 1-lysinet 
4 | 70.3 | 10.10 | 9.74 0.87 | —0.51 0.6 “ 
7 70.8 10.10 9.00 0.72 +0.38 0.8 
6 | 71.2 | 10.10 | 9.00 | 0.76 


* The initial diets of Subjects R. L. B. and C. H. E. contained amino acid Mix- 
tures 87 and 136, respectively. 

t Throughout both experiments the lysine was administered as the monohydro- 
chloride, but for the convenience of the reader the daily dosage is expressed as the 
free amino acid. 


the monohydrochloride. During a single period, p-lysine replaced the L 
isomer and was ingested as the dihydrochloride. Sufficient sodium bi- 
carbonate to neutralize the hydrochloric acid present in the amino acid 
salts was always incorporated in the rations. In each experiment, as al- 
terations in the lysine intake were made, the nitrogen content of the food 
Was maintained at a constant level by appropriate adjustments in the 
amount of glycine present in the amino acid mixture.' 

' As stated repeatedly in papers of this series, glycine and urea were incorporated 


in the amino acid mixtures to furnish nitrogen for the synthesis of the non-essential 
amino acids. 
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The data in Table II show that Subject R. L. B. attained a strongly 
positive balance with a daily intake of 1.0 gm. of L-lysine. During the 
second period, for a reason which will be disclosed later, lysine was ex- 
cluded from the diet. As was to be anticipated, the subject immediately 
experienced a negative balance and showed an average daily loss of 1.00 


gm. of nitrogen. Thereafter, positive nitrogen balance resulted from the — 


| 


daily consumption of 0.4 gm. of L-lysine but not from dosages of 0.3 and _ 


0.2 gm. per day. Obviously, the minimal daily requirement of this subject 
was 0.4 gm. During the final period of the test, the ingestion of 0.4 gm. 
of the p isomer daily induced a negative nitrogen balance of approximately 
the magnitude observed when the ration was devoid of lysine. Like re- 


sults followed the administration to another subject (A. B.) of 0.6 gm. of | 


p-lysine. This was 50 per cent in excess of his minimal L-lysine require- 
ment.2 On the basis of these observations, one may affirm with consider- 
able confidence that little, if any, of the p isomer can be utilized by adult 
man. 

The experiment upon Subject C. H. E. (Table Il) was conducted a year 
after that upon Subject R. L. B. In the meantime, information acquired 
in other investigations warranted marked reductions in the valine and 


threonine content of the basal diets. These changes are reflected in the 
comparative composition of amino acid Mixtures 87 and 136 (Table I). 


Parenthetically, it is worthy of note that, of the 9.79 gm. of nitrogen fur- 
nished by the daily allotment of Mixture 136, 6.79 gm. were derived from 
glycine and urea. An additional 1.07 gm. of nitrogen originated in the p 
isomers of valine, leucine, isoleucine, and threonine, and may not have 
been available for the uses of the organism. Thus, if the incomplete uti- 
lization of p-phenylalanine (cf. (2)) is disregarded, the nitrogen derived 
from the physiologically active amino acids in Mixture 136 was 1.93 gm. 
It is little short of astounding that this amount of nitrogen in the form of 
an appropriate mixture of L-amino acids is sufficient to meet the daily 
needs of man, provided that the mixture also furnishes abundant supplies 


of glycine and urea as sources of nitrogen for the synthesis of the non-— 


essential amino acids. Yet, many experiments in this and subsequent 
papers will prove that nitrogen equilibrium can be maintained under these 
circumstances. One cannot escape the conviction that mixtures of the 
essential amino acids, when the amounts of the latter are adjusted to the ap- 
proximate needs of the human subject for them, are remarkably efficient 
sources of nitrogen. This aspect of the problem will be discussed in greater | 
detail at a later date when the minimal requirements of man for the other 
essentials have been considered. | 


? The details of this test are omitted, since the findings agreed completely with 
those obtained in the experiment upon Subject R. L. B. 
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To return to the question of the lysine requirement, the data in Table 
II show that Subject C. H. E. attained a strongly positive nitrogen balance 
on a diet carrying amino acid Mixture 136. This supplied 1.2 gm. of 
L-lysine daily. Reducing the lysine intake to 0.6 gm. daily was followed 
by a negative nitrogen balance, during which the average daily loss of this 
element amounted to 0.51 gm. In the two succeeding periods, the lysine 
consumption was first raised to 0.8 gm. and then lowered to 0.7 gm. daily. 
At each of these levels the subject manifested a positive nitrogen balance. 
Clearly, the minimal daily L-lysine requirement of C. H. E. was 0.7 gm. 

Table III lists the findings in six lysine experiments. Unfortunately, 
the test upon Subject R. J. D. was incomplete. Several months earlier, 


III 
Summary of u-Lysine Experiments 


Subject Body weight Minimal daily requirement* 
kg. gm. 
65.8 0.7 
R. J. D.. 67.1 0.6 or lesst 
C.H. E... 69.4 0.7 
69.9 0.4 
H. D. P. 71.7 0.8 


* Throughout all experiments the lysine was administered as the monohydro- 
chloride, but the requirements are here expressed as the free amino acid. 

t It became necessary to discontinue this experiment before the exact minimal 
requirement of the subject had been established; however, 0.6 gm. per day was an 
adequate intake. 


this young man had served as a subject in one of the tryptophan experi- 
ments (1). The end of the spring semester rendered it impracticable for 
him to continue on the lysine test for a sufficient length of time to permit 
the establishment of his exact minimal requirement. With a daily intake 
of 0.6 gm. he was in positive balance; consequently, his minimal needs 
could not have exceeded this figure. 

The subjects listed in Table IIT did not vary widely in size; however, 
the data show clearly that no observable correlation exists between the 
body weight of an individual and his lysine requirement. Furthermore, 
no relationship was detected between the lysine requirement and the body 
surface or creatinine output. Like conclusions were reached in the tryp- 
tophan (1) and phenylalanine (2) tests. On the other hand, relatively 
wide differences (0.4 to 0.8 gm.) were observed in the minimal lysine re- 
quirements of different individuals. In this respect, lysine proved to be 
one of the most variable of the entire group of essential amino acids. 
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In accordance with the practice followed with respect to tryptophan and 
phenylalanine, and for the reasons set forth elsewhere (1), the highest 
value observed in the six lysine experiments, or 0.8 gm., is proposed tenta- 
tively as the minimal daily requirement of adult man. One cannot exclude 
the possibility that individuals other than those tested may have lysine 
requirements in excess of the above figure. A statistical analysis of the 
data in Table III, with the assumption that 0.6 gm. actually represented 
the minimal needs of Subject R. J. D., reveals the fact that the odds are 
overwhelmingly against the probability that any adult male would have a 
requirement equal to or greater than twice the proposed minimal level, or 
1.6 gm. of L-lysine daily. Therefore, one may confidently affirm that 1.6 
gm. of this amino acid is a safe daily intake for an adult. Experience with 
a much larger number of individuals may eventually warrant a decrease 
in this figure. In the course of our investigations, thirty-four different 
subjects have been kept in positive nitrogen balance upon daily intakes of 
1.6 gm. or less of L-lysine, and no individual has been found who could not 
be so maintained.’ 

The surprisingly small quantities of lysine which are necessary for nitro- 
gen balance are of peculiar interest and significance from the nutritional 
point of view. The low content of this amino acid in certain vegetable 
proteins has led some investigators to express the fear that lysine may be 
a limiting factor in human dietaries. Indeed, the suggestion is sometimes 
heard that bread should be enriched with lysine in order to safeguard the 
public against an inadequate intake. Admittedly, the ultimate goal of 
nutritional biochemistry is not merely to prevent deficiencies but to insure 
optimal intakes of essential nutrients. It is true also that the experiments 
herein described do not answer the question: What is the best daily intake 
of lysine for adult man? On the other hand, it seems reasonable to sup- 
pose that, for any dietary component, the smaller the minimal requirement 
of the organism for it the smaller will the optimal intake prove to be, if 
and when techniques are devised which enable one to measure this quan- 
tity. At the moment, the most that can be done is to determine the mini- 
mal essential needs of man and then to furnish what appears to be a rea- 
sonable excess. Fortunately, estimates of the consumption of amino acids 
by different economic groups in this country are available. Using fig- 
ures for food purchases collected during the spring of 1942 by the United 
States Department of Agriculture, Block and Bolling (5) have calculated 


8’ Of the thirty-four subjects mentioned above, four, in addition to those listed in 
Table III, were maintained in nitrogen balance upon daily intakes of 0.8 gm. or less, 
but no effort was made to establish their exact requirements. Thus, 0.8 gm. of L-ly- 
sine daily was sufficient for ten individuals at least. In later studies involving 
other amino acid requirements larger quantities of lysine were administered as a 
precautionary measure, although 0.8 gm. might have been adequate for the purpose. 
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the average daily per capita intake of each essential amino acid. The 
results show that the lowest income group of urban families consumed 
approximately 4 gm. each of lysine per day. In all probability the survey 
figures for food consumption were too high, since those who assembled 
them found no practical way of making allowance for household waste. 
If one assumes that wastage amounted to 25 per cent, a discount which 
would seem to be sufficiently generous, the average daily lysine intake 
would still be almost twice the safe level for an adult. Whether the grow- 
ing child requires more than this remains to be determined. Furthermore, 
in certain areas of the world, where bread constitutes a much larger pro- 


TaBLe IV 
Relation of Lysine to Output of Organic Acids 
Period averages. 


Average daily | 


Subject Period output of | Daily intake of lysine* 
| | organic acids | 
| days ml. of 0.1 N 
6t | 542 1.0 gm. L-lysine 
5 | 536 | No t-lysine 
| 4t | 537 0.4 gm. L-lysine 
A. B. 7t | 654 * 
| | 650 as. 
5 | 663 | No t-lysine 
| 8t 685 | 0.4 gm. L-lysine 
| 4 | 678 | 0.6 ‘ p-lysine 


* Expressed as the free amino acid. 
t Subjects were in positive nitrogen balance during these periods only. 


portion of the total food of the adult than in the United States and where 
little or no animal protein is consumed, some method of artificially raising 
the lysine content of the diets may prove to be advantageous. 

One additional point regarding lysine requires brief consideration at this 
time. More than a decade ago, Albanese et al. (6) reported that human 
subjects receiving diets deficient in this amino acid not only complain of 
“nausea, dizziness and hypersensitivity to metallic sounds,” but also mani- 
fest a sharp rise in the urinary output of non-ketonic organic acids as 
measured by the procedure of Van Slyke and Palmer (7). In our earlier 
experiments with lysine-deficient rations (8), no unique subjective symp- 
toms were encountered. The young men experienced a loss of appetite, 
an increase in nervous irritability, and a sensation of fatigue, such as are 
observed following the exclusion from the food of any one of the essential 
amino acids. However, the urines were not examined for organic acids. 
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Inasmuch as changes, if they occur, in the excretion of these acids might 
be of distinct value in the detection of lysine deficiencies, the current ex- | 1. | 
periments were used as an opportunity of reinvestigating this phenomenon, 
Consequently, lysine was removed from the diet of Subject R. L. B. (Table 3] 
IL) for the duration of the second period, and the output of organic acids | 4 | 
was determined daily throughout the first and second periods and the first | 5. | 
4 days of the third period. Similarly, in the experiment upon Subject 
A. B. (Table III), the details of which are omitted from this paper, the | © + 
output of organic acids was measured for 33 days. The results obtained 
in both tests are presented in summary form in Table IV. As will be 
observed, no significant alteration in the excretion of organic acids followed 
the exclusion of lysine or changes in the amount present in the food. Per- 
haps the difference between our findings and those of Albanese and his | 
associates is to be accounted for by the fact that the latter investigators 
used casein which had been deaminized and then hydrolyzed as the source 
of nitrogen in their lysine-free rations. This material induces an anemia 
in rats (9) of the macrocytic megaloblastic type, due to the presence of a 
toxic agent (10). 


SUMMARY 


Six experiments have been conducted upon normal young men for the 
purpose of establishing their minimal L-lysine requirements, as measured 
by the nitrogen balance technique. The results show that the subjects 
required from 0.4 to 0.8 gm. of this amino acid per day. No correlation 
was observed between the minimal needs of the subjects and their body © 
weights, body surfaces, or creatinine output. In accordance with the prac- 
tice followed in similar investigations involving other amino acids, it is 
proposed, as a precautionary measure, that the highest observed value, or 
0.8 gm., be designated tentatively as the minimal daily L-lysine requirement 
of man. 

In formulating human diets designed to avoid amino acid deficiencies, 
allowance should be made for the possibility that individuals other than | 
those tested may require still larger intakes of L-lysine. For this purpose, 
twice the highest observed minimum, or 1.6 gm. daily, is certainly a safe 
intake. Eventually, experience may permit this quantity to be lowered. 

In two subjects, the administration of p-lysine, in amounts equal to or 
greater than their L-lysine requirements, immediately induced negative 
nitrogen balances. The findings demonstrate that little, if any, of the p} 
isomer is utilized by man. 

No evidence was obtained in support of the alleged increase in output 
of organic acids following the exclusion of lysine from the food. 
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THE REACTION OF METHYL MERCURY NITRATE WITH THE 
SULFHYDRYL GROUPS OF YEAST GLYCERALDEHYDE-3- 
PHOSPHATE DEHYDROGENASE 


By YADVIGA DOWMONT HALSEY* 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, August 5, 1954) 


The importance of two of the thiol groups of yeast triosephosphate de- 
hydrogenase for its activity has been shown by the abolition of activity 
and diphosphopyridine nucleotide binding by the addition of 2 equivalents 
of p-chloromercuribenzoate (PCMB) (1, 2). The reaction of methyl mer- 
cury nitrate with this enzyme has been found to be anomalous in the sense 
that this mercury compound, unlike PCMB, does not react first with the 
enzyme sulfhydryl groups which are required for activity. These results 
and some determinations of the total numbers of sulfhydryl groups avail- 
able in the enzyme after various treatments are presented here. 


EXPERIMENTAL 


The enzyme was prepared from Fleischmann’s yeast by the procedure 
of Krebs et al. (3). It has not been found possible to obtain preparations 
fully active in the absence of cysteine, even if ethylenediaminetetraacetic 
acid (EDTA) is present during all stages of the preparation. It has also 
been found that the enzyme loses activity on storage (whether activity is 
tested with or without cysteine) even in the presence of EDTA. In 
general, the enzyme has 20 to 30 per cent less activity with EDTA than 
after cysteine activation. Enzyme concentrations were determined by 
absorption at 280 mu and corrected for any nucleic acid by the absorption 
at 260 mu (3, 4). The enzyme was dialyzed against a phosphate buffer 
(pH 6.7 or 7.9) before use. 

The diphosphopyridine nucleotide (DPN) used was a Pabst Laboratories 
preparation and assayed 90 per cent pure by reduction with excess sub- 
strate. 

pi-Glyceraldehyde-1-bromide-3-phosphoric acid dimer was kindly fur- 
nished as the dioxane addition compound by Dr. C. A. Dekker and assayed 
95 to 100 per cent pure. 

* Postdoctoral Fellow, 1952-54, of the American Cancer Society, recommended by 


the Committee on Growth of the National Research Council. Present address, De- 
partment of Medicine, University of Washington School of Medicine, Seattle, Wash- 
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The methyl mercury bromide used was generously supplied by Dr. P. 
Ik}. Wilcox. The PCMB used was a Sigma preparation. 

Enzyme activity was determined in the following system. 2.6 ml. pyro- 
phosphate buffer (0.03 mM) at pH 8.3 containing 0.0024 m EDTA, 0.1 ml. 
of enzyme solution (usually containing 0.001 mg. of protein), and 0.1 ml. 
of 0.195 mM sodium arsenate were mixed. The reaction was started by the 
addition of 0.2 ml. of a solution containing 0.15 mg. of the triose phosphate 
addition compound and 1.6 mg. of DPN. The optical density at 340 
my was read at 0.5 minute intervals against a blank containing buffer and 
the triose phosphate-DPN mixture. The final pH was 8.1 to 8.3. Activi- 
ties were calculated as a first order rate constant from the 3.0 minute read- 
ing. With fresh cysteine-activated preparations k; is usually 180 to 200 


ml. per minute per mg. of protein at this level of triose phosphate. The ; 
reaction follows no simple kinetics exactly, but approximates a first order | 


reaction, particularly if the 0.5 minute reading, which is generally high, is 


neglected. In some cases the reaction was started by the addition of triose 


phosphate alone, the DPN having been put in the reaction mixture pre- 
viously. In this case the activity is 10 to 20 per cent higher than that ob- 
served with the other method of starting the reaction. All reactions were 
performed in duplicate. 

PCMB concentrations were determined by direct titration with dithi- 
zone, standardized against mercuric nitrate, as for the determination of 
methyl mercury (5). Sulfhydryl groups in the native protein were de- 
termined by dithizone titration of the unchanged methyl mercury ex- 
tracted from the aqueous protein solution into a toluene layer.! Equili- 
bration of the two phases was carried out in a rocking dialyzer at 0-2°. 
Sulfhydryl groups in the denatured protein were determined by direct 
titration with methyl mercury (5). All treatments of the protein with 
mercurials were carried out in phosphate buffers, pH 6.7 or 7.9. 


Results 


Table I contains the results of the determinations of sulfhydryl groups in | 
the native protein and in the guanidine hydrobromide-denatured (5) pro- | 


tein. The number of sulfhydryl groups found on the native molecule, 
namely four, is similar to the number of sulfhydryl groups which react with 
iodoacetic acid in the case of triosephosphate dehydrogenase from muscle 
(6). The total number of sulfhydryls (six and a half after denaturation) 
is, however, considerably less than in the latter protein (7). The figures 
for the sulfhydryl groups of the native and denatured protein are likely to 
be lower than the true values; 7z.e., the values for a protein preparation 


which is fully reduced. If it is considered that 20 per cent of the protein © 


1 Unpublished method of Dr. W. L. Hughes, Jr., transmitted by Dr. P. E. Wilcox. 


ve 


Prey 


om 
ons 
at 
me 
of 
| 
su 
| 
| 
stor 
othe 
affer 
| dry! 
of t 
(Ta 
| the 
on t 
the « 
are f 
reage 
simil 
obse 
i 


Y. D. HALSEY 591 


sulfhydryl groups are oxidized (judging from a 20 per cent activation by 
cysteine which was observed with the preparations used for these deter- 
minations), the figures become 5.0 and 8.1 for sulfhydryl groups of the 
native and denatured protein. 

It appears from Fig. 1 that methyl mercury reacts first, to a large extent 
at least, with the two sulfhydryl groups which are not primarily involved 
(1, 2) in the activity of the enzyme. This is indicated by the 74 per cent 
of activity remaining after the addition of 2 equivalents of methyl mercury 
as against the 50 per cent to be expected from random reaction with four 
sulfhydryl groups per mole of protein. The presence of some oxidized, or 


TABLE I 
Sulfhydryl Groups of Yeast Glyceraldehyde-3-phosphate Dehydrogenase 


Activity,* ki, ml. Sulfhydry] 
Preparation No.) preparation | Pet min. per groups per 
mos. 
K21-3 1 145 None 4.0 
K21-3 1 Denatured with guanidine 6.5 
HBrt 
K32-2 6 117 None 3.6 
04-5f 1 113 ws 4.0 
04-5 1.5 4 equivalents PCMB, repre- 2.1 
cipitated with (NH4) 


* Without cysteine activation. 

Kdelhoch et al. (5). 

t This preparation was activated with cysteine, recrystallized two times, and 
stored with 0.005 m EDTA. The activity was initially k; = 170. 


otherwise inactive enzyme, as is known to occur with urease (8), does not 


affect this conclusion. The per cent inhibition after reaction with a mer- 
curial equivalent in amount to a given fraction of the total native sulfhy- 
dryl groups present is predictable on the basis of random reaction regardless 


of the fraction of the total native sulfhydryl groups required for activity. 
-~ PCMB appears to react only with the sulfhydryls required for activity 


(Table I and Fig. 1). The two mercurials are different both in the size of 


the organic part and in that one (PCMB) bears a charge other than that 


on the mercury. Either or both of these differences may be relevant to 
the observed difference in reactivity. It may be noted that, although there 
are four sulfhydryl groups reactive to methyl mercury, 4 equivalents of this 


reagent do not completely abolish the activity of the enzyme (Fig. 1). A 


similar situation obtains with PCMB. A lack of good agreement has been 


_ observed in duplicates of assays of activity when the inhibition is nearly 
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complete, which appears to indicate some reactivation of the enzyme in m 
the test system. cl 

The experiments of Fig. 1 show that the four sulfhydryls of the enzyme | re 
molecule are of two kinds with respect to their reactivity with methyl | fr 
mercury as well as with respect to their necessity for enzymatic activity. | dt 
Since about 25 per cent of the enzymatic activity (instead of none) is lost | lir 
by the addition of 2 equivalents of methyl mercury, the interpretation | ob 
that only two sulfhydryls are necessary for activity and that methyl mer- [| de 


PERCENT ORIGINAL ACTIVITY 


uM MERCURIAL PER PROTEIN 


Fic. 1. Per cent loss of activity with the addition of methyl mercury nitrate (OQ) ‘l 
or p-chloromercuribenzoate (@) to the enzyme in 0.1 M phosphate buffer, pH 6.7 or | wor 
7.9. The points for 1 and 2 equivalents of methyl mercury are averages of five deter- | yse 
minations in duplicate; the other points are averages of two determinations in dupli- aoe 
cate. The percentages are not corrected for the presence of inactive enzyme in the> = * 
preparations used (see the text). The preparations contained four sulfhydryl 
groups per native molecule. 


cury reacts solely with the two sulfhydryls not necessary for activity is . 
inadequate. We may suppose that either the reaction of methyl mer-} , 

cury is not completely specific between the two classes or the two un-| 4 w 
necessary sulfhydryls do have some effect on the activity of the molecule. 5 

An experiment designed to test whether the reaction of methyl mercury 
with the protein was completely selective for the two unessential sulfhydryl} ? 
groups was inconclusive. The protein was first treated with 2 equivalents} ~ 
of methyl mercury, then with 2 equivalents of PCMB, and, after repre-} s 4, 
cipitation with ammonium sulfate, the residual sulfhydryl was found to be 
0.52 equivalent per mole. This would indicate an incomplete specificity 
of the methyl mercury reagent, assuming that PCMB reacts only with 
the two essential sulfhydryl groups (Table I). However, a similar experi- 
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ment in which the protein was treated with 4 equivalents of methyl mer- 
cury gave a residual sulfhydry] only of 0.39 equivalent per mole. These 
results are probably caused by denaturation of the protein, as seems likely 
from the rapid appearance of protein precipitate in both experiments 
during the equilibration with toluene. Considering the amount of pre- 
liminary handling and the high concentration of protein (which has been 
observed by us to enhance denaturation of this protein) necessary for these 
determinations, it seems not unlikely that sufficient denaturation to ac- 
count for the results may have occurred. In these circumstances the 
closeness of the figures for residual sulfhydryl in the two experiments may 
indicate that the methyl mercury reagent reacts completely with the un- 
essential sulfhydryl groups before reacting with those necessary for en- 
zymatic activity. If this is so, it becomes necessary to suppose that these 
groups do have a small effect on the activity of the enzyme. 


SUMMARY 


The number of sulfhydryl groups in the yeast triosephosphate dehy- 
drogenase molecule has been determined for the native and guanidine 
hydrobromide-denatured enzyme by the use of methyl mercury. 

The reaction of methyl mercury nitrate with yeast triosephosphate de- 
hydrogenase indicates that the most reactive of the four sulfhydryl groups 
of the native molecule are the two not required for enzymatic activity. 


The author wishes to thank Dr. Hans Neurath, in whose laboratory this 
work was performed, Dr. P. E. Wilcox for furnishing information on the 
use of methyl mercury, and Dr. E. G. Krebs, who supplied some of the 
enzyme samples. 
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SOME ASPECTS OF THE METABOLISM OF LECITHIN AND ITS 
DERIVATIVES IN LIVER* 


By MARTIN RODBELL ann DONALD J. HANAHAN 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, October 11, 1954) 


Recent evidence has renewed speculation as to a possible réle of phos- 
pholipides in the oxidation of fatty acids. Artom (1) has proposed that a 
choline-containing compound, which is preformed in the tissues in vivo, is 
necessary for the oxidation of fatty acids in isolated systems. Greenbaum 
and McClean (2) have noted a remarkable agreement between the fatty 
acid oxidase capacity and the changes in neutral fat content of the liver of 
animals during treatment with growth hormone. On the basis of dther ob- 
servations (3), they suggest that neutral fat is first converted into phospho- 
lipide, which is, in turn, a vehicle for the oxidation of fatty acids. 

In a preliminary communication from this Laboratory (4), it was re- 
ported that certain lecithin derivatives stimulated oxygen uptake in liver 
mitochondria. This present paper is a detailed report on these observa- 
tions. 


EXPERIMENTAL! 


Preparation of Rat Liver—Male rats (Wistar) weighing 150 to 200 gm. 
were used throughout the experiments and were fed ad libitum on a stand- 
ard chow diet. The animals were fasted for 24 hours prior to the experi- 
ments, sacrificed by a sharp blow on the head, decapitated, and the liver 
rapidly removed and placed on ice. The chilled liver was homogenized in 2 
volumes of cold 8.5 per cent sucrose with a Virtis? homogenizer operating 
at top speed for 1 minute. The subcellular fractions were then isolated 
from this homogenate essentially by the procedure of Hogeboom, Schnei- 
der, and Palade (5). All operations were carried out at 0-3°. 


* Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
A preliminary report of this work was made at the annual meeting of the American 
Society of Biological Chemists, Atlantie City, April, 1954. This material formed 
part of the thesis submitted by Martin Rodbell to the Graduate School, University 
of Washington, August, 1954, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy in Biochemistry. 

! The following abbreviations are used: GPC = glycerylphosphorylcholine; GP = 
glycerophosphate; PC = phosphorylcholine; CoA = coenzyme A. 

? Virtis Company, 160 Ashburton Avenue, Yonkers, New York. 
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The preparation used for the rat liver studies consisted of 0.5 ml. (15 to 
20 mg. dry weight) of a 5 ml. sucrose suspension of mitochondria and 1.0 
ml. of the original supernatant fraction. 

Preparation of Guinea Pig Liver—Male guinea pigs weighing 250 to 350 
gm. were used. They were maintained on a stock chow diet. The ani- 
mals were stunned by a sharp blow on the head and exsanguinated from 
the neck vessels. The liver was removed quickly and homogenized for 30 
seconds in 3 volumes of 8.5 per cent sucrose in a loose fitting Potter-Elve- 
hjem homogenizer. Subcellular fractions were then isolated from this ho- 
mogenate essentially by the procedure of Hogeboom, Schneider, and 
Palade (5). All operations were carried out at 0—-5°. 

The preparation used for the guinea pig studies consisted of 1.5 ml. (45 
to 60 mg. dry weight) of a 25 ml. sucrose suspension of mitochondria de- 
rived from 1.0 to 1.5 gm. of liver tissue. 

Medium for Manometric Studies—The medium used for the mano- 
metric studies on both rat and guinea pig liver enzymes was slightly mod- 
ified from that of Pardee and Potter (6) and contained the following 
components at the final concentrations indicated: 0.017 mM potassium phos- 
phate buffer (pH 7.3), 0.015 mM potassium citrate, 0.0015 M potassium 
malate, 0.0015 mM potassium a-ketoglutarate, 3 &K 10-4 m cytochrome c, 
0.0016 mM sodium adenosine triphosphate, 0.06 mM sucrose, 0.0033 m MgCl, 
enzyme (see above), and water to make a final volume of 3.0 ml. The 
substrates and enzymes were used in concentrations indicated in the re- 
sults. 

Methods—Oxygen uptake was measured in Warburg vessels by the 
standard procedures. The rate of shaking the manometers was 110 com- 
plete cycles per minute, and all measurements were made in the presence of 
oxygen at 37°; the CO». was collected in the usual manner by use of KOH- 
treated filter paper in the center well. A 5 to 8 minute temperature equili- 
bration period preceded the start of the manometric measurements. 

The controls for the various experiments contained mitochondria in the 
“sparker’’? medium described above and, where indicated, in addition the 
supernatant fraction. The usual oxygen uptake values for the controls 
were of the order of 750 wl. per hour, and triplicate determinations agreed 
within 3 to 5 per cent. Although the net oxygen uptake values noted in a 
particular experiment were low compared to the total oxygen uptake, these 
values were always consistent and agreed within 3 to 5 per cent. Whereas 
the values reported in Tables I to IV and Figs. 1 to 5 represent a particular 
experiment, in every case at least six separate experiments were performed 
and each showed the same typical results as to the influence of a particular 
eompound on the net oxygen uptake. 

Acetoacetate production was determined by the method of Edson (7). 
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Phosphorus determinations were made by the colorimetric method of 
King (8). 

Radioactive C' was measured with conventional flow counters, and all 
samples were counted either as infinitely thin layers (direct plating) or as 
BaCQO;, when a standard curve was used to correct for mass absorption. 

Substrates—Palmitic acid-1-C™ was obtained from the Research Spe- 
cialties Company® and contained 0.1 me. of C™ per mmole (as measured on 
our counting equipment). A stock solution of the labeled fatty acid in 
water was prepared by adding 10 mg. to 3.0 ml. of water, followed by the 
addition of 1 drop of concentrated NH;. The mixture was made soluble 
by warming on a steam bath. Excess NH; was removed by passing nitro- 
gen into the heated solution. The homogeneity of the fatty acid prepara- 
tion was tested by counting an aliquot, and it was found that the radio- 
activity obtained agreed to within 1 per cent of the calculated value. 
Prior to the addition of the fatty acid to the Warburg cups, the solution 
was warmed to 60° to effect solution and then allowed to cool to 40°. Since 
there was no inhibition of the oxygen uptake from the control, and inas- 
much as triplicate determinations of the CO, formed during any one experi- 
ment showed a difference of only 3 to 5 per cent, the methods of preparation 
and addition of the fatty acid to the cups appeared satisfactory. 

Tripalmitin-1-C™ was obtained from the Nuclear Instrument and Chemi- 
cal Corporation and contained 2.54 me. per mmole (as measured on our 
equipment). An aqueous suspension was prepared by the addition of 5.8 
mg. of the tripalmitin to 5 ml. of water, and the suspension was homoge- 
nized in a Potter-Elvehjem glass homogenizer until a very fine emulsion 
had been obtained. ‘The emulsion was heated to 60° and, prior to addition 
to the Warburg flasks, was allowed to cool to 40°. 

(Dipalmitoley])-L-a-lecithin (yeast lecithin) was obtained by a chromato- 
graphic procedure (9). The saturated analogue, (dipalmitoyl)-L-a-leci- 
thin, was prepared by the hydrogenation of the above compound (9). 
8-(Monopalmitoyl)glycerophosphorylcholine (lysolecithin) was prepared 
by an enzymatic procedure (10). Calcium phosphorylcholine was synthe- 
sized by the method of Baer (11). The calcium was removed by an ion 
exchange resin (IR-100, potassium cycle). In some early experiments, 
the phosphorylcholine was freed of calcium by reaction with oxalic acid. 
However, apparently a trace amount of calcium always remained, and it 
was later found that in concentration as low as 7 & 10-° mM calcium had an 
inhibitory effect on the stimulatory influence of phosphorylcholine on 
mitochondrial respiration. Choline was a commercial product and was 
recrystallized from absolute ethanol. Glyeerophosphate was a mixture of 
the a and £8 isomers, 53 per cent of which was the @ isomer according to 


71148 Walnut Street, Berkeley, California. 
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periodate titration. Glycerylphosphorylcholine was synthesized by the 
procedure of Baer and Kates (12). 


RESULTS AND DISCUSSION 


Oxidation Studies with Rat Liver System. Lecithin—Various systems 
were studied in order to find the proper conditions for the oxidation of 
lecithin in the rat liver. In the initial experiments, the fatty acid oxidase 
system of Kennedy and Lehninger (13), which contained 0.0005 m malate 
or succinate as “sparkers,’’ was used. However, it was found that this 
system did not cause any apparent oxidation of lecithin, and, in fact, there 
was strong inhibition of the oxygen uptake, compared with the controls, 
when 0.8 umole or more of lecithin was added. Although no significant 
net O2 uptake occurred in the presence of this lipide at low concentration 
(<3.5 X 10-5), there was no inhibition of the oxidative capacity of the 
enzyme preparations. (Dipalmitoleyl)-L-a-lecithin and (dipalmitoy])-1- 
a-lecithin and a purified rat liver lecithin also apparently were not oxidized. 
Various added cofactors, such as coenzyme A, pyridoxal phosphate, biotin, 
thiamine pyrophosphate, and folic acid, failed to cause any oxidation of 
these lecithins. 

Pardee and Potter (6) have described a medium which will maintain 
oxidative phosphorylation from 3 to 4 hours at a constant rate. The 
principal difference between this medium and that used by Kennedy and 
Lehninger was in the number of ‘‘sparkers’”’ (malate, citrate, and a-keto- 
glutarate as contrasted to malate alone) and in their concentration (3 to 9 
times the concentrations used by Lehninger). In the presence of the 
medium of Pardee and Potter and with low concentrations of lecithin (0.1 
to 0.4 umole), there was a net oxygen uptake by the mitochondria which 
was in excess of that required for complete oxidation of the fatty acids of 
lecithin. However, this does not mean that lecithin was being oxidized in 
this system, but that it at least stimulated oxygen uptake by a route as yet 
unknown. In order to obtain consistent net oxygen uptake values, it was 
found necessary to use a concentrated suspension of rat liver mitochondria 
fortified with the supernatant fractions indicated in the experimental sec- 
tion. The mitochondria alone were without effect. The time-course for 
the oxygen uptake values in the presence of unsaturated and saturated 
lecithins is shown in Fig. 1. 

It was found that the influence of lecithin on the net oxygen uptake 
decreased with an increase in concentration of this lipide and finally be- 
came negligible at high concentrations (0.8 um). The concentration for 
maximal net oxygen uptake was approximately 0.1 ym. Although the 
results were variable from one experiment to the next, in a range from 119 
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to 318 per cent of theory for complete oxidation of the compounds,‘ the 
results within an experiment agreed within 3 to 5 per cent. There was 
consistently a higher net oxygen uptake than could be explained by a 
simple oxidation of the fatty acids of lecithin to CO2 and H,O. 
Lysolecithin—Inasmuch as lysolecithin is a surface-active compound, 
it was not unexpected that it, like lecithin, inhibited oxidation when used 
even in relatively low concentrations (1.0 umole). On the other hand, it 
was found that the mitochondria could tolerate higher concentrations of 
lysolecithin (0.9 umole) than of lecithin and the concentration for maxima 
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TIME IN MINUTES 

Fic. 1. Effect of lecithins and lysolecithins on net oxygen uptake in rat liver 

mitochondrial systems. L-U, 0.1 um (dipalmitoleyl)-u-a-lecithin; L-S, 0.1 um (di- 

palmitoyl)-L-a-lecithin; LL-U, 0.3 um monopalmitoleyllecithin; LL-S, 0.3 um mono- 
palmitoyllecithin. Experimental details described in the text. 


stimulation was approximately 0.3 umole, compared to 0.1 umole for leci- 
thin. Above 1.0 umole there was complete inhibition of the net oxygen 
uptake. The time-course for the oxidation of unsaturated and saturated 
lysolecithins is presented in Fig. 1. 

The stimulation of net oxygen uptake by the lecithins followed a linear 
rate for the first 30 minutes, and the reactions appeared to be complete after 
60 minutes. However, these results were somewhat variable, even when 
the same concentrations of lecithin were employed, and frequently the rate 
appeared linear for 120 minutes. The fact that lecithin is water-insoluble 


4 In a few experiments, the oxidation of lecithin and lysolecithin by the liver mito- 
chondria of Sprague-Dawley rats was followed. In all these experiments, the oxygen 
uptake values ranged from 70 to 80 per cent of theory for complete oxidation to CO: 
and water. 
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made it difficult to ascertain the true molar concentration from experiment 
to experiment. 

Lysolecithin, on the other hand, is water-soluble, and its effect on the 
time-course of the oxidation was reproducible within reason. An interest- 
ing observation on the lysolecithin oxidation curves was the inflection point 
occurring near 40 minutes (sharp increase in slope). At this point there 
Was an apparently new effect which had a more pronounced slope than the 
initial rate and suggested that this effect might represent the stimulation of 
the oxidation of endogenous material by lysolecithin or a derivative. It 
must be said, however, that the net oxygen uptake observed with lecithin 
and lysolecithin cannot be interpreted as an oxidation of the fatty acids of 
these compounds, since only through the use of labeled lecithins or lyso- 
lecithins can their oxidation be established in an unequivocal manner. 


NET Op UPTAKE 
LITERS 


25 50 75 100 125 150 
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Fic. 2. Effect of lysolecithin on oxidation by mitochondria alone (O) and mito- 
chondria plus supernatant fraction (O) of guinea pig liver. The experimental de- 
tails are described in the text, and, in addition to the usual components, the reaction 
mixture contained 0.3 um monopalmitoyllecithin. 


Oxidation Studies with Guinea Pig Liver System—Since it has been found 
in the studies with rat liver mitochondria that the supernatant fraction of 
sucrose homogenates of the rat liver was necessary for the oxidation of 
lecithin and lysolecithin by the mitochondria, it was of interest to investi- 
gate the action of a similar system in the guinea pig liver. 

Lecithin—It was found that lecithin did not stimulate oxidation with 
either the mitochondria or the reconstituted system of the guinea pig liver. 
This may be due to the failure of the intact lecithin to be ‘“‘absorbed’”’ by 
the mitochondrial system or to other unknown factors. 

Lysolecithin—Several interesting observations were made in these initial 
experiments on guinea pig liver. As in the rat liver studies, lysolecithin 
was capable of stimulation of oxidation in the presence of the combined 
mitochondrial and supernatant fractions. Again there was an extended 
lag period prior to a large net oxygen uptake. However, in contrast to the 
rat liver response, in which both mitochondria and supernatant fraction 
were necessary, the guinea pig liver mitochondria alone were capable of 
demonstrating a large oxygen uptake with lysolecithin without any lag 
period. These results are presented in Fig. 2. 
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In an attempt to explain the rather ambiguous réle of the supernatant 
fraction, the microsomal and soluble fractions were separated from the 
supernatant fraction and added separately to a mitochondrial system. It 
was noted that a definite inhibition of oxygen uptake occurred in the pres- 
ence of lysolecithin with either the microsomal or soluble fraction. Upon 
recombining these fractions (microsomal and soluble), the stimulatory 
phenomenon occurred. The synergistic action of the microsomal and the 
soluble fractions is difficult to explain, particularly in view of the fact that 
Kornberg and Pricer (14) had found that the soluble fraction inhibited the 
phosphatidic synthesizing system in the microsomes. 

Glycerylphosphorylcholine and Phosphorylcholine—Since the results thus 
far had shown that lysolecithin was capable of evoking a larger uptake of 
oxygen than that calculated from its own oxidation, it was thought that 
either this compound or some compound derived from lysolecithin might 
be ‘‘sparking”’ the oxidation of endogenous material and, in particular, fats. 

An attempt was made, therefore, to determine whether the intermediate 
or intermediates might have structural features in common with lyso- 
lecithin. Among the possible compounds are glycerylphosphorylcholine, 
a-glycerophosphate, phosphorylcholine, and choline. It was expected that, 
if any of these compounds were to be an intermediate in lecithin metab- 
olism, a stimulation of oxygen uptake would occur. 

As shown in Fig. 3, GPC in the same molar concentration as lysolecithin 
stimulated oxygen uptake to an extent and at a rate comparable to that of 
lysolecithin. The net oxygen uptake of 200 ul. could not be accounted for 
by the oxidation of GPC, even if oxidized completely to CO. and H.O, and 
must represent, for the most part, oxidation of endogenous material. 

PC, in equimolar concentration, stimulated oxygen uptake to a larger 
extent than did GPC (Fig. 3). In subsequent experiments it was found 
that the PC effect was very consistent, whereas GPC at times failed in its 
ability to cause a net oxygen uptake. 

Choline and Glycerophosphate—Choline alone had no effect on oxygen 
uptake. However, as shown in Fig. 4, in the presence of a-glycerophos- 
phate, choline elicited the same response as did GPC. a-GP alone had a 
slight effect, which might have been due to some endogenous choline. 

The compound which had the most consistent effect on the stimulation 
of oxygen uptake was phosphorylcholine, whereas the other compounds, 
GPC, lysolecithin, and GP plus choline, while definitely effective, did not 
consistently give large values of oxygen uptake. Thus, it seemed probable 
that the latter compounds were somewhat removed from the primary event 
responsible for the stimulation of oxygen uptake and that phosphoryl- 
choline might be reacting more directly with some endogenous compound, 
possibly one containing fatty acids, which can be oxidized only in the pres- 
ence of phosphory!choline. 
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Effect of Concentration of PC on Stimulation of Oxygen Uptake—In the 
experimental results illustrated in Fig. 5, the PC concentration was varied 
to determine whether there was any relationship between substrate con- 
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Fic. 3. Influence of lecithin and derivatives on net oxygen uptake by guinea pig 
liver mitochondria. In addition to the usual components of the reaction medium 
(see the text), the following compounds were used: 0.5 um phosphorylcholine (PC), 
0.5 um glycerylphosphorylcholine (GPC), 0.3 um monopalmitoyllecithin (LL), 0.1 
uM (dipalmitoleyl)-L-a-lecithin (LZ). 

Fic. 4. Influence of glycerophosphate (0), choline (@), and glycerophosphate 
plus choline (A) on net O2 uptake by guinea pig liver mitochondria. In addition to 
the usual components of the reaction medium (see the text), the following com- 
pounds were used: 0.4 um glycerophosphate, 0.8 um choline; glycerylphosphorylcho- 
line (O), 0.6 um, was used as a control. 
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Fic. 5. Effect of varying concentrations of phosphorylcholine on net O: uptake 
in guinea pig liver mitochondria. In addition to the usual components of the reac- 
tion medium (see the text), phosphorylcholine was added in the concentrations in- 
dicated (in micromoles). 


centration and the rate of oxidation. The results demonstrated that even 
in very small concentrations of PC (0.136 umole) there was a large net 
oxygen uptake. The lag period noted with this quantity suggested that 
PC itself was not causing the stimulation of oxygen uptake, but rather that 
it was being converted to some intermediate compound which when present 
n sufficient quantity was being oxidized. 
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Relationship between Oxidation of Labeled Palmitic Acid and Stimulation 
Effect Caused by Phosphorylcholine—Implicit in the effeets of lecithin, 
lysolecithin, GPC, GP plus choline, and PC on the oxygen uptake by 
mitochondria has been the assumption that the endogenous material being 
oxidized was possibly fatty acid which was derived from phospholipide, 
neutral fat, or cholesterol esters. In the initial experiments designed to 
test this hypothesis, palmitic acid-1-C™ was added to the guinea pig mito- 
chondria along with some of the lecithin metabolites. Since other studies 
had demonstrated that the long chain fatty acids were primarily oxidized to 
CO. and not to acetoacetate (15), only the evolved CO, was assayed for 
radioactivity. The results of this study are described in Table I. 


TaBLe 
Effect of PC on Oxidation of Palmitic Acid 


The experimental details are the same as those indicated in the experimental 
section, with the following additions: 0.68 wmole of PC, 0.17 umole of palmitic acid- 
1-C's (92,000 ¢.p.m.), and, where indicated, 6.0 umoles of CoA. Reaction time, 3 
hours at 37°. Each figure represents an average of a triplicate determination. 


| Per cent oxidation 
Substrate Net Oo uptake of palmitic 
| | acid to CO2* 
PC + fatty acid + CoA......... 253 | 5600 | 6.1 
Fatty acid... . 70 5240 5.7 
+ CoA. 51 | 5000 5.4 


* Calculated on the basis of the radioactivity in the added palmitate. 


The data indicate that there was no apparent relationship between the 
stimulation phenomenon and the rate or amount of fatty acid oxidized. 
In fact, the amount of added fatty acid oxidized was depressed to the extent 
of approximately 30 per cent in the presence of PC. CoA reversed this 
inhibitory effect of PC and brought the oxidation values up to the level 
observed with either the fatty acid alone or the fatty acid plus CoA. 

Influence of Phosphorylcholine on Oxidation of Tripalmitin—Inasmuch as 
PC had no apparent effect on the oxidation of palmitic acid (see Table 1), 
it seemed possible that it might be affecting the oxidation of a fatty acid in 
an esterified form, 7.e. a triglyceride. Consequently, in a mitochondrial 
system similar to that described for the palmitic acid studies, the effect of 
PC on the oxidation of tripalmitin-1-C™ was investigated. 

The results in Table II indicate that PC was not affecting the oxidation 
of labeled tripalmitin to any significant extent. The fact that there was 
some oxidation to CO, (2 to 3 per cent) indicated that at least some of the 
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tripalmitin was oxidized. Furthermore, it cannot be ascertained whether 
the fatty acids of the tripalmitin were oxidized at random or whether only 
one of the fatty acids was oxidized to CO». In the latter case, the oxidation 
would be theoretically of the order of 9 to 19 per cent converted to labeled 
CO., which would be appreciable considering the fact that the true molar 
concentration of the tripalmitin is probably quite low in this system. 


TABLE II 
Effect of PC on Oxidation of Tripalmitin 
The experimental details are the same as those indicated in Table I. Each cup 
contained 1.0 ymole of PC and 0.1 umole of tripalmitin-1-C'™ (85,000 ¢.p.m.). Each 
figure represents an average of a triplicate determination. 


Substrate | Net O2 uptake | CHO 

67 | 2190 
TaBLe III 


Effect of GPC on Oxidation of Palmitic Acid 


The experimental details are the same as those indicated in Table I. Each cup 
contained 0.314 wmole of GPC, 0.34 umole of palmitic acid-1-C' (184,000 ¢.p.m.), 
and, where indicated, 6 wmoles of CoA. [ach figure represents an average of a 
duplicate determination. 


| Per cent oxidation 


Substrate Oouptake of fatty acid 
| to 
| pl. c.p.m. 
GPC + fatty acid + CoA........ | 282 | QSSO §.2 
Fatty acid + CoA................ | 0 7200 3.8 
3.9 


GPC + fatty acid................ | 0 7260 


* Calculated on the basis of the radioactivity of the added palmitate. 


Relationship between Oxidation of Palmitic Acid-1-C™ and GPC Stimula- 
tion Effect—The effect of glycerylphosphorylcholine on oxidation was not 
studied as extensively as that of PC, primarily because of the fact that 
consistent results of oxidation were not obtained. However, a limited 
number of experiments were performed with respect to the effect of GPC 
on the oxidation of palmitic acid, in a manner similar to the PC studies. 
These results are recorded in Table IIT. 

As is evident from the above data, CoA appeared to influence both the 
stimulation phenomenon and the amount of labeled CO, produced. Pre- 
viously CoA had not been implicated in the stimulation phenomenon with 
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GPC, but since the effects of GPC were quite variable it might be assumed 
that the effective CoA concentration in the liver varied from animal to 
animal. An interesting facet of this experiment was the finding that there 
was a significantly larger production of labeled COz in the presence of GPC 
and CoA. This was quite different from the effects of PC, in which no 
influence of CoA on the oxidation of palmitic acid was noted. Further- 
more, unlike PC, GPC did not depress the amount of oxidation of the 
fatty acid from the control value. } 
Relationship between Oxidation of Labeled Palmitic Acid and Stimulation 
Effect Caused by Lysolecithin—As in the case of GPC, only a limited study 
was made on the effects of lysolecithin on the oxidation of palmitic acid. 
These studies were performed in a manner similar to that described for 


TaBLe IV 

Effect of Lysolecithin on Oxidation of Palmitic Acid-1-C' 
The experimental details are the same as those indicated in Table I. "Each cup 
contained 0.322 umole of (monopalmitoyl)-L-a-lecithin, 0.34 umole of palmitic acid- 
1-C'', and, where indicated, 6 umoles of CoA. 


| | 


| Per cent oxida- 


Substrate Net O: uptake CO, tion of fatty 
| acid to CO.* 
| 
| pl. c.p.m. 
Lysolecithin + fatty acid + CoA... 156 8300 | 4.6 
Lysolecithin + fatty acid. . 7 ae —101 4230 | 2.3 


* Calculated on the basis of the radioactivity of the added palmitate. 


PC, and the results are recorded in Table IV. CoA was necessary for the 
stimulation effect with lysolecithin. This was similar to the requirement 
of CoA for the GPC stimulation effect and suggests that there is relation- 
ship between the effects of lysolecithin and GPC on the stimulation of 
oxygen uptake. 


SUMMARY 


In the present studies conditions are described in which lecithin and 
certain of its derivatives caused an increased rate of oxygen uptake by liver 
mitochondria. In particular, lecithin and lysolecithin caused a stimula- 
tion of oxygen consumption in a rat liver mitochondrial system. When a 
guinea pig liver mitochondrial system was used, lysolecithin, glyceryl- 
phosphorylcholine, glycerophosphate plus choline, and phosphorylcholine, 
but not lecithin, caused a larger stimulation of oxygen uptake than could 
be expected for complete oxidation of these compounds. 


y 
ir 
ip 
up 
Be 
ii 
la- | 
ed 
4 @ 
es. 
he 
re- 
ith 


606 METABOLISM OF LECITHINS 


The most effective and reproducible compound in this stimulation phe- 
nomenon was phosphorylcholine; however, it had no effect on the oxidation 
of added palmitic acid-1-C™ and tripalmitin-1-C™. Lysolecithin and 
glycerylphosphorylcholine appeared to influence the oxidation of palmitic 
acid-1-C™; coenzyme A was necessary, especially for the stimulatory effect 
of these two compounds on oxygen uptake by guinea pig liver mitochondria. 

The significance of the increased oxygen uptake caused by these com- 
pounds has not been established, but it is suggestive of increased oxygen 
uptake by fatty acid derivatives. 
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LECITHIN SYNTHESIS IN LIVER* 


By MARTIN RODBELL ann DONALD J. HANAHAN 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, October 11, 1954) 


Within the past few years considerable progress has been made in regard 
to the possible pathways of phospholipide synthesis in the liver. Kornberg 
and Pricer (1) have reported that in microsomal fractions of guinea pig 
liver a-glycerophosphate is a precursor of phosphatidic acid, which is 
formed by an acylation of glycerophosphate by coenzyme A derivatives of 
fatty acid. In a similar manner, Kennedy (2) has found that a-glycero- 
phosphate in rat liver mitochondria fortified with the supernatant fraction 
is converted to a phosphatidic acid-like compound, which may then com- 
bine with choline to form a lecithin (3). In a preliminary report, Korn- 
berg and Pricer (4) have indicated that phosphorylcholine can be incor- 
porated as an intact unit into an unknown lipide fraction in guinea pig 
liver. 

In the preceding paper (5), the stimulatory effect of certain lecithin 
derivatives, and in particular phosphorylcholine, on oxygen uptake in 
mitochondria was reported. The present work is a description of the 
results of an investigation on the incorporation of phosphorylcholine into 
the lipides of guinea pig liver. 


EXPERIMENTAL! 


Enzyme Preparation and Reaction Medium—The subcellular fractions 
were prepared as described in the preceding paper (5). The amount of 
enzyme used in all cases was the mitochondria or washed residue derived 
from 1 gm. (wet weight) of guinea pig liver. The reaction medium was 
that described previously (5). Wherever the term “‘sparkers”’ is indicated, 
it refers to the Krebs cycle intermediates. 

Analytical Methods—Lipide phosphorus was determined by the method 
of King (6); choline, by the method of Glick (7). 

Radioactivity measurements were made in the usual manner with either 


* Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
This material formed a part of the thesis submitted by Martin Rodbell to the Gradu- 
ate School, University of Washington, August, 1954, in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in Biochemistry. 


1 The following abbreviations are used: P; = inorganic phosphate; PC = phos- 
phorylcholine; CoA = coenzyme A; ATP = adenosine triphosphate. 
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an end window counter for P® determinations or a flow counter for C™ 
assays. When it was desired to distinguish between P*® and C" in the 
same sample, a single layer of Parafilm (Marathon, Inc.) was placed over 
the sample, and it was counted in either a flow counter or an end window 
counter. This method reduced the emission C™ to negligible amounts, 
and there was no detectable absorption of the P*® B-emission. Specific 
activities are expressed in terms of counts per minute per mg. of lipide 
phosphorus. 

Isolation of Lecithin—The isolation procedure was essentially as follows: 
To 3.0 ml. of reaction solution, 0.5 ml. of 7 per cent perchloric acid was 
added. The protein was removed by centrifugation and washed succes- 
sively with 3 ml. of 1.0 per cent perchloric acid and 3 ml. of water and the 
washings discarded. All operations were carried out at room temperature. 
Further extractions of the residue with perchloric acid or water failed to 
remove any additional radioactivity. The residue was then extracted with 
8 ml. of ethanol-ether (3:1) for 1 hour at room temperature. The in- 
soluble material was removed by centrifugation and washed with 2 to 3 ml. 
of ethanol-ether (3:1), and the washings were added to the original extract. 
Since no further radioactivity was extracted with additional amounts of 
ethanol-ether or chloroform, the extraction of lipide material was assumed 
to be complete. The alcohol-ether extracts were concentrated to dryness 
at 37° under reduced pressure and in a stream of nitrogen. The residue 
was extracted three times with chloroform, and this extract was treated 
with acetone to precipitate the phospholipides. Duplicate determinations 
agreed within +2 per cent, and the consistency of the results suggested 
that the method was valid for our purposes. 

Lecithin was separated from the mixed phospholipides by a chromato- 
graphic procedure (8). Since only small quantities of material were 
available, proportionately smaller quantities of alumina were used. In a 
typical run, 50 mg. of mixed phospholipides in 1 ml. of ethanol were placed 
on a column containing 1.5 gm. of aluminum oxide. The column dimen- 
sion was 8 X 190 mm., and the rate of flow of the eluate (95 per cent etha- 
nol) was kept within the limits of 0.2 to 0.3 ml. per minute with a constant 
head of hydrostatic pressure. 

Oxygen Uptake—Oxygen uptake measurements were performed in the 
usual manner. In the experiments in which oxygen uptake measurements 
were not necessary, a Dubnoff incubator was used with oxygen continu- 
ously flowing over the reaction medium. All experiments were performed 
at 37°. 

Materials—Labeled inorganic phosphate was obtained from the Abbott 
Laboratories on an allocation from the Atomic Energy Commission, Oak 
Ridge, Tennessee. 
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Palmitic acid-1-C™ and tripalmitin-1-C'™ were purchased from the Re- 
search Specialties Company? and Nuclear Instrument and Chemical Cor- 
poration, respectively. 

Diglycerides were prepared by use of Clostridium perfringens as a source 
of enzyme (9) with yeast lecithin (10) and guinea pig liver lecithin as 
substrates. The characteristics of the diglycerides, p-1 ,2-dipalmitolein 
and p-1,2-dipalmitin, have been described previously (9). The diglyc- 
eride prepared from guinea pig lecithin had a hydrogen number of 225.9 
and a saponification number of 301. The fatty acids of the guinea pig 
diglyceride were not identified, but it has been reported (11) that the 
a’-fatty acid is unsaturated, whereas the 8 acid is saturated. 

L-a-(Dipalmitoyl) phosphatidic acid was kindly supplied by Dr. Erich 
Baer. DL-a-Glycerophosphate was prepared by the method of Bailly (12) 
and had a purity of 90 per cent by periodate titration. Calcium P®*- 
phosphorylcholine was prepared by the method of Riley (13) and was 
recrystallized from 50 per cent ethanol to constant specific activity. Eight 
batches were prepared and a typical analysis was as follows: calculated, 
P 9.46, N 4.25; found, P 9.52, N 4.25 per cent. Calcium ion was removed 
by use of an exchange resin IR-100 (potassium cycle). The calcium was 
completely removed without any loss of either radioactivity or phos- 
phorylcholine.* C'-labeled choline bromide (methylene-labeled) was 
obtained from Tracerlab, Inc., and converted to choline chloride. This 
was recrystallized to constant specific activity, diluted with non-labeled 
choline chloride, and used for the preparation of doubly labeled phos- 
phorylcholine. The ratio of P* to C" is indicated in the results. 


Results 


Incorporation of Phosphorylcholine into Various Fractions of Guinea Pig 
Liver—Inasmuch as Kornberg and Pricer (4) had found that PC was in- 
corporated into a lipide by the supernatant fraction of guinea pig liver, it 
was of interest to determine the relative amounts of PC incorporated into 
the three major subcellular fractions of the liver: the mitochondrial, micro- 
somal, and soluble. The reaction medium employed for study of the 
microsomal and soluble fraction contained CoA and ATP, since it had been 
observed that these were necessary for the incorporation of PC (5). The 
results of these studies are reported in Table I. 

As is evident from these data, the largest uptake of radioactivity into 


21148 Walnut Street, Berkeley, California. 

> As had been indicated previously (5), trace amounts of caleium had an inhibi- 
tory effect on the stimulatory effect of phosphoryvlcholine on mitochondrial respira- 
tion. Ina similar manner, calcium, in a concentration of 7 K 10-5 M, inhibited the 
conversion of phosphorylcholine to lecithin. 
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a lipide fraction occurred in the mitochondria. Since our previous studies 
with PC showed that it was capable of eliciting a large oxygen uptake in 
the mitochondria (5), it appeared that this uptake might be due to its 
incorporation into a lipide fraction. Although the other fractions con- 
tained activity, it was decided to use the mitochondrial fraction for further 
studies, primarily because of the stimulation effect. 

Optimal Conditions for PC Incorporation—An attempt was made to 
ascertain the optimal conditions for PC utilization. In particular, the 
requirements for ATP and CoA were investigated. 

On the basis of the results in Table II, it was evident that PC incor- 
poration was enhanced 2-fold by the addition of the ‘“‘sparkers.’”’ The 


TABLE I 

Incorporation of PC into Lipide Fraction of Cytological Elements in Guinea Pig Liver 

Microsomal enzymes were derived from 20 gm. of liver and were taken up in 8 ml. 
of 8.5 per cent sucrose, and 0.5 ml. was added to each reaction flask. The soluble 
fraction had a total volume of 20 ml., and 2 ml. were added to each reaction flask. 
The medium used for the mitochondrial reaction was described previously (5). The 
medium for the microsomal and supernatant fractions was as follows: 0.2 ml. of 
0.05 m ATP, 0.2 ml. of 0.005 m CoA, 0.1 ml. of 0.5 m MgCle, 0.2 ml. of 0.2 M cysteine, 
0.5 ml. of 0.5 mM phosphate buffer, pH 7.3, and 0.3 ml. of 0.5 mM NaF. Total volume, 
3 ml. Incubation time, 2 hours at 37°. 1.0 wmole of P*-phosphorylcholine, spe- 
cific activity 159,000 c.p.m. per umole, was used in all the reactions. 


Cytological fraction Total P# in lipide fraction 
c.p.m 


addition of ATP to the ‘‘sparkers’”’ enhanced the incorporation over 3-fold, 
which suggested that oxidative phosphorylation was necessary for maximal 
incorporation. CoA did not appreciably affect the incorporation, although 
it is quite probable that the mitochondria contained sufficient CoA for 
maximal activity. This supports the previous finding (5) that added 
CoA also did not influence the stimulation phenomenon elicited by PC. 
When varying concentrations of PC were plotted against specific activity 
of the lipide fraction (Fig. 1), there was a linear relationship between con- 
centration and activity up to approximately 0.4 umole and thereafter a 
diminution of activity. These results were obtained from reaction media 
incubated for 100 minutes. The specific activities were probably not 
indicative of the initial rate of incorporation over the entire range of con- 
centration, and the decrease of specific activity at the higher concen- 
trations might be due to a more rapid turnover of the lipide material. 
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Nature of Lipide from P*®?-Phosphorylcholine Reaction—In order to deter- 
mine the nature of the lipide which contained the labeled phosphorus, the 


TABLE II 
Conditions for Maximal PC Incorporation 


All cups contained the standard reaction mixture and 1.5 ml. of washed mito- 
chondria (45 to 65 mg. dry weight), as described previously (5), plus 1.0 umole of PC. 
Other additions, where indicated, to this basic medium included 45.0 uwmoles of 
citrate, 4.5 uymoles of a-ketoglutarate, 4.5 umoles of malate (‘‘sparkers’’), 0.8 umole 
of CoA, and 5.0 umoles of ATP. Reaction time, 2 hours at 37°. 


Additions O uptake 

per cent pl. 

CoA + 6.5 | 2444 
CoA + “gperkers’ | 9.1 2749 


3 


RELATIVE SPECIFIC ACTIVITY x10? 


O01 O2 03 04 05 06 O7 08 09 10 II 
p°*_ PHOSPHORYL—CHOLINE, uM 


Fig. 1. Influence of phosphorylcholine concentration on the incorporation of P® 
into lipide fraction of guinea pig liver mitochondria. Reaction conditions described 
in the text. Incubation time, 100 minutes at 37°. Relative specific activity is de- 
fined as counts per minute per mg. of lipide phosphorus. 


phospholipides were isolated from reaction mixtures in the usual manner. 
In a typical experiment a crude phospholipide fraction, which had a specific 
activity of 3680 c.p.m. per mg. of lipide, was obtained from several reaction 
mixtures. This material, which weighed 50 mg., was chromatographed on 
an alumina column, and the purified lecithin, which represented 60 per cent 
of the phospholipide placed on the column, had a choline to phosphorus 
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ratio of 1.03 (per cent P, 4.02; per cent choline, 16.2) and a specific activity 
of 6230 c.p.m. per mg. of lecithin. On the basis of previous evidence (8), 
it was assumed that this compound was a lecithin. 

Effect of Tripalmitin-1-C™ on Incorporation of PC—In the studies carried 
out to this point, the PC was incorporated into endogenous material. It 
seemed of interest, therefore, to determine the nature of the endogenous 
material with which the PC was reacting. 

Although PC had no apparent effect on the oxidation of labeled tri- 
palmitin (5), it seemed possible that it might still be reacting with the 
tripalmitin, but the resultant phospholipide might not be oxidized because 
of an unnatural configurational position of the fatty acids (11). However, 
under exactly the same conditions of Table II for the maximal incorpora- 
tion of phosphorylcholine into a lipide, no conversion of tripalmitin-1-C™ 
into lecithin was found. 

Effect of Diglycerides on Incorporation of PC into Lipide Fraction— 
Although tripalmitin-1-C™ had no apparent effect on the incorporation of 
PC into a lipide fraction, it seemed possible that this was due either to the 
unavailability of this material as a substrate to the mitochondria or that 
the rate of reaction was very slow in comparison to the reaction of PC with 
the endogenous material. 

It has been suggested that PC reacts with a diglyceride to form lecithin 
in the small intestine (14). Borgstrém (15) has found that the small 
intestine contains a lipase which specifically forms a,B-diglycerides. The 
suspected réle of phospholipides in fat absorption from the small intestine 
and the similarity in the rates of turnover of lecithin in the liver and in the 
small intestine evoke the possibility that the mechanism of synthesis from 
glycerides is similar in both organs (14). 

In the initial experiments, designed to test the influence of diglycerides, 
p-1 ,2-dipalmitolein was used as a substrate. When 0.3 umole of this 
compound was added to the mitochondrial system in the presence of P*?- 
labeled PC, a large inhibition of oxygen uptake occurred. When the con- 
centration was reduced to 0.1 umole, however, there was no inhibition of 
oxygen uptake, and in some instances a small increase in oxidation was 
noted. However, of greater significance was the fact that, when two 
different concentrations of PC were used along with the diglyceride, there 
was an increase in the specific activities of the lipide material over that of 
the lipide isolated from reaction mixtures with PC alone. The results are 
presented in Table IIT. | 

There was approximately a 2-fold difference in the specific activities of 
the lipide fraction from the reactions with 1.0 and 0.5 umole of PC. This 
is the ratio to be expected if the turnover of the diglyceride is dependent on 
the concentration of PC. However, the differences in specific activity 
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were not high relative to the total specific activity. Therefore, in order 
to emphasize the difference in specific activity and to show that it was due 
to the turnover of lecithin specifically, the lipide material from several 
reaction vessels was collected and the lecithin isolated and purified. In 
order to compare specific activities, the lecithin was isolated in exactly the 
same manner from mitochondrial reactions containing PC (1.0 umole) and 
diglyceride (0.1 umole) and those flasks containing PC alone. 

The difference in the specific activity between reactions containing PC 
plus diglyceride and PC alone before and after column treatment was the 
same, indicating the difference was specifically related to the incorporation 
of the PC into lecithin. The ratio of choline to phosphorus in the fraction 


TaBLE III 
Effect of Dipalmitolein on PC Incorporation 


The usual reaction medium (5), with 1.5 ml. of washed mitochondria, contained, 
in addition, 0.1 umole of dipalmitolein (DiP). Incubation time, 3 hotirs at 37°. 
Triplicate determinations. 


‘ Net O» Relative | Difference | Difference 
Reactants PC : specific in specific incor- 
uptake activity activity porated 
umole pl. c.p.m. c. p.m. umole P32 
PC + DiP 1.0 330 | 27,300 
4,165 | 0.012 
1.0 273 23,135 
DiP 0.5 318 15,557 
1,947 | 0.0057 
“ 0.5 274 13,610 


isolated from the column indicated that this material represented a lecithin 
type substance. 

In subsequent experiments, it was found that p-1 ,2-dipalmitin was more 
effective than p-1,2-dipalmitolein in its influence on the incorporation of 
phosphorylcholine into a lecithin. Guinea pig diglyceride was as effective 
as dipalmitolein in its effect on this conversion. 

Effect of Phosphatidic Acid on PC Incorporation into Lipide Fraction— 
Since phosphatidic acid formation has been indicated in the guinea pig 
liver by Kornberg and Pricer (1), it was considered that this may be an 
immediate precursor which reacted with PC to form lecithin. Although 
they had not found any evidence for the synthesis of phosphatidic acids in 
the mitochondria (1), the possibility remained that preformed phosphatidic 
acids were present. Accordingly, the influence of (dipalmitoy])-L-a-phos- 
phatidie acid on PC incorporation was studied. The results are indicated 
in Fig. 2. 
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It is apparent that the rate of incorporation of PC was approximately 
doubled in the presence of the phosphatidic acid. Although this suggests 
that the phosphatidic acid is the immediate precursor of lecithin, no defini- 
tive evidence existed either that the PC was being incorporated into the 
lecithin fraction as a unit or that the fatty acids of the phosphatidic acid 
were likewise being incorporated. 

In order to ascertain whether PC was incorporated as a unit into the 
lecithin fraction when phosphatidic acid was added to the reaction, the 
phospholipides were isolated from reaction mixtures which contained 5 


PC #Phosphotidic 


A 


$88$338 


RELATIVE SPECIFIC ACTIVITY x 107? 
Oo 


20 40 60 80 100 120 140 
TIME IN MINUTES 
Fic. 2. Influence of phosphatidic acid on the incorporation of phosphoryIcholine 
into the lipide fraction of guinea pig liver mitochondria. In addition to the usual 
reaction mixture described in the text, 1.5 ml. of washed mitochondria, 1.0 umole 
of P32-phosphorylcholine, and 0.2 ymole of phosphatidic acid were present. Incu- 
bation time, 2 hours at 37°. 


times the usual amount of reactants, and the lecithin was isolated by 
chromatographic purification. These lipide fractions were analyzed for 
total fatty acids, choline, phosphorus, and radioactivity (see Table IV). 

As indicated by these results, the phosphorylcholine was incorporated 
as a unit upon the addition of phosphatidic acid to the reaction. Since 
the previous data have indicated that phosphorylcholine incorporation into 
lipide was increased upon the addition of phosphatidic acid, it can be 
assumed that this was the result of lecithin synthesis. 

Nature of Lecithin from Reaction between a-Glycerophosphate, P*® ,C- 
Labeled Phosphorylcholine, and Palmitic Acid-1-C'“—Since both Kornberg 
and Pricer (1) and Kennedy (2) have found that a-glycerophosphate was 
a precursor of phosphatidic acid, an attempt was made to determine 
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whether a reaction between a-glycerophosphate, P* ,C'-phosphorylcholine, 
and palmitic acid-1-C' in a mitochondrial system would form lecithin la- 
beled in the fatty acid, phosphorus, and choline. The lecithin was ana- 
lyzed for total fatty acids, choline, phosphorus, and radioactivity (see 
Table V). 

These results substantiate the fact that the material isolated by chroma- 
tography was lecithin, since the molar ratios of choline to phosphorus 
and fatty acid to phosphorus were approximately 1.0 and 2.0, respec- 
tively. As noted in the previous experiment (Table IV), the phosphoryl- 
choline was incorporated as a unit. The labeled palmitic acid was ap- 


TABLE IV 


Lecithin Isolated from Reaction Mixture Containing Phosphorylcholine and 
Phosphatidic Acid 


The lecithin was isolated from reaction mixtures which contained 5 times the 
usual amount indicated in Table II. In addition, the following components were 
present: P®?,C!*-phosphorylcholine, specific activity of 300,000 ¢.p.m. per wmole and 
0.75 wymole of phosphatidic acid. Incubation time, 3 hours at 37°. Triplicate de- 


terminations. 
| Found | Theory 
Choline, pmole...... | 0.152 
Choline to P, molar ratio... | 1.02 1.00 
C'4*-Choline 
0.168 
Total choline’ 
p32_P 
Total P 
C'4-Choli 
P3?-Phosphate 


parently diluted by the endogenous fatty acid, since the labeled fatty 
acid was incorporated to about one-tenth the extent of the choline and 
phosphorus. These results showed again that phosphorylcholine was in- 
corporated into a lecithin, but that very little palmitic acid-1-C™ was 
converted into a lecithin. Glycerophosphate appeared to have no influ- 
ence on these reactions. 

Incorporation of Inorganic Phosphate into Lipide Fraction and Influence 
of Choline on Its Incorporation—Inorganic phosphate has been shown by 
several investigators to be incorporated into phospholipides. It was of 
interest, therefore, to determine whether P*-labeled inorganic phosphate 
was incorporated into the lipide fraction in the mitochondrial system. 
Choline was also added along with the phosphate in order to ascertain its 
effect on phosphate incorporation. Phosphorylcholine was used as a 


§ 
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standard of comparison for these reactions. The results are reported in 
Table VI. 
Approximately 1.0 per cent of P; was incorporated into a lipide fraction. 


TABLE V 


Nature of Lecithin Isolated from Reaction Mixture Containing 
C™-Phosphorylcholine, Palmitic Acid-1-C%, 
and Glycerophos phate 

The lecithin was isolated from reaction mixtures which contained 5 times the 
usual amount of medium indicated in Table II. In addition the following com- 
ponents were present: P*,C!-phosphorylcholine, specifie activity 300,000 ¢.p.m. 
per ymole, 4.3 wmoles; palmitic acid-1-C"', specific activity 220,000 ¢.p.m. per umole, 
0.85 umole; glycerophosphate, 15.6 umoles. Incubation time, 2 hours at 37°. Trip- 
licate determinations. 


Found | Theory 
19.0 
meester | 1.02 1.00 
C'*-Choline 
Total choline ’” 
Total P’ | 
C't_-Choline | 
| 1.02 | 1.02 
| 
C'*_Fatty acid | | 


Total fatty acid ’ 


* The fatty acids had a mean molecular weight of 285. 
TABLE VI 


Incorporation of P*-Phosphate into Lipide Fraction and Influence of Choline 
on Its Incorporation 


The reaction medium described previously, plus 1.5 ml. of washed mitochondria, 
contained in addition, where indicated, the following components: P*-inorganic 
phosphate, specific activity of 5.6 X 10° ¢.p.m.; choline, 0.6 wymole; P*?-phosphoryl- 
choline, 150,000 ¢.p.m. per umole, 1.0 wmole. Incubation time, 2 hours at 37°. 
Triplicate determinations. 
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Of greater significance, however, is the finding that choline increased the 
incorporation of P; more than 2-fold. Since choline did affect inecorpora- 
tion, it is quite probable that it is being phosphorylated, as suggested by 
Wittenberg and Kornberg (16). Phosphorylcholine was incorporated in 
the largest amount, which suggests that it is perhaps the immediate pre- 
cursor to the phosphorylcholine moiety of lecithin. 


DISCUSSION 


The present findings that phosphorylcholine represents an important 
precursor and is converted as an intact unit into a lecithin by guinea pig 
liver mitochondria substantiate the earlier implications of the work of 
Kornberg and Pricer (4). These investigators reported that phosphoryl- 
choline was incorporated into an unknown lipide fraction in extracts of 
guinea pig and rat liver. In the present investigation, optimal conditions 
for the incorporation of phosphorylcholine into lecithins required the pres- 
ence of the Krebs cycle ‘‘sparkers,” ATP and CoA. : 

It is of considerable interest that phosphatidic acid exerted a pronounced 
influence on the uptake of phosphorylcholine into lecithin. To a lesser 
extent diglycerides, such as dipalmitolein and dipalmitin, had a stimulatory 
effect on the uptake. On the basis of the observations of Kornberg and 
Pricer (1) that phosphatidic acid is formed in the microsomal fraction of 
guinea pig liver and the present indications that phosphatidic acid must 
play an important rdle in lecithin synthesis, it would appear that there is a 
reaction between this acid and phosphoryleholine. If such a reaction 
does occur, this would necessitate an exchange reaction between the entire 
phosphorylcholine unit and the phosphatidie acid, with the release of 
inorganic phosphate and the formation of lecithin. However, other routes 
to lecithin might be through a direct reaction between a diglyceride and 
phosphorylcholine or ATP plus diglyceride to form phosphatidic acid, 
which then reacts as above. 

Recently, Kennedy (17) has reported that choline, by a pathway not 
involving phosphorylcholine as an intermediate, was incorporated into 
lecithin by rat liver mitochondria. A requirement for ATP indicated that 
this reaction was not the reverse of hydrolytic action. In a previous 
study, Kennedy (3) presented evidence which supported the possible con- 
version of glycerophosphate to a phosphatidic acid-like compound in rat 
liver mitochondria and a subsequent reaction of this compound with choline 
to form lecithin. 

In attempting to explain the possible differences in the systems operative 
in rat liver and guinea pig liver, one must consider primarily that a species 
specificity does exist. Secondly, there remains the distinct possibility 
that more than one route for the synthesis of lecithin is available and there 
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is no necessity to invoke a single pathway. Although, in the systems 
described in this paper, phosphorylcholine was by far the best precursor 
for lecithin, it was observed that choline did influence greatly the incor- 
poration of inorganic phosphate into lipide. Inasmuch as Wittenberg 
and Kornberg (16) have shown that the liver can form phosphorylcholine 
by the action of ATP on choline, this indicates a probable synthesis of PC 
in our systems. A significant point which emerged in these studies was 
that, unless the phosphorylcholine was freed completely of any metal ion 
by ion exchange chromatography, a definite inhibition of its uptake into 
lipide or its stimulatory effect on respiration (5) occurred. 


SUMMARY 


Phosphorylcholine has been shown to be incorporated as an intact unit 
and to a large extent into the lecithin of guinea pig liver mitochondria. 
ATP, CoA, and Krebs cycle intermediates are required for this conversion. 
Various diglycerides and phosphatidic acid, in particular, enhanced the 
incorporation of PC into lecithin. PC had little or no influence on the 
oxidation of palmitic acid-1-C™ or tripalmitin-1-C™, nor was there any 
conversion of these labeled compounds into lecithins. 

It was also demonstrated that P**-inorganic phosphate was incorporated 
to a small extent into the lipide fraction, whereas choline stimulated the 
incorporation of labeled phosphate to an extent commensurate with the 
proposal that PC was synthesized by the mitochondria. 

Some possible routes of synthesis of lecithin in this mitochondrial system 
are discussed. 
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PURIFICATION AND CRYSTALLIZATION OF GLUCAGON 


By A. STAUB, L. SINN, ann OTTO K. BEHRENS 
(From the Lilly Research Laboratories, Indianapolis, Indiana) 


(Received for publication, October 14, 1954) 


Shortly after the discovery of insulin, Kimball and Murlin (1) postulated 
the existence of a hyperglycemic pancreatic factor, which they named 
glucagon. The factor was believed to be responsible for the initial tran- 
sient hyperglycemia following parenteral administration of pancreatic ex- 
tracts of insulin preparations. Several workers attempted to isolate and 
purify the active principle. A decade after Kimball and Murlin’s original 
observations, Biirger and Brandt (2) were able to prepare a partially puri- 
fied material having glucagon activity. They, however, experienced great 
difficulties in trying to obtain a substance free from insulin. The investi- 
gators hence concluded that insulin and glucagon must be closely related, 
especially since the chemical properties of the preparations they obtained 
were very similar to those of insulin itself. In more recent years other 
workers, Sutherland et al. (3) and de Duve and Vuylsteke (4), obtained 
small amounts of partially purified preparations having significant glucagon 
activity. Unfortunately, they were unable to obtain sufficient amounts of 
material to permit extensive characterization. 

Our continuing interest in insulin and in its effects on carbohydrate 
metabolism led us to an interest in this substance, which had an opposite 
effect. to insulin with respect to blood sugar levels. Characterization of 
the hyperglycemic factor with respect to both physical and _ biological 
properties and exploration of possible relationships to insulin necessitated 
isolation in an essentially pure form. The successful preparation of a 
crystalline material for which we accepted the name glucagon was an- 
nounced previously (5) and is reported in detail in this paper. 


Methods 


The biological activity of glucagon was assayed in cats as described pre- 
viously (6). The mouse convulsion assay was used for estimating the 
insulin activity of the various fractions. 

The zone electrophoresis experiments were carried out essentially accord- 
ing to the procedure described recently by Fo@nss-Bech and Li (7). The 
starch' was washed thoroughly with the buffer employed for each particular 
experiment. The pIl of the wet starch usually is somewhat different from 


'Swan pure potato starch, distributed by Stein-Hall and Company, Ine., 1138 
Merchandise Mart Plaza, Chicago, Illinois. 
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that of the buffer used to prepare the starch paste. It also drifts slightly 
during the course of the electrophoresis. The pH indicated for each ex- 
periment represents the average value of all the segment cluates. 

Glucagon was hydrolyzed with glass-distilled 20 per cent HCl for 16 to 
48 hours at 105° in sealed ampuls filled with nitrogen. Redfield’s (8) 
method was used for the two-dimensional amino acid chromatography. 
Prior to analytical determinations, glucagon was dried for 48 hours at 40° 
in vacuo over phosphorus pentoxide. 


Purification Procedure 


An amorphous fraction obtained during the commercial purification of 
insulin was used as the starting material. It contained approximately 4 
per cent glucagon and 7 per cent insulin. Denaturation of protein and 
hence inactivation of the biologically active components insulin and gluca- 
gon were prevented by using mild purification procedures. Thus, it was 
possible to follow the removal of insulin during purification by insulin 
assays. The hyperglycemic activity of the protein remaining dissolved in 
the supernatant fluids of Steps 1 to 3 was negligible. 

Step 1. Acetone Fractionation—A0 gm. of the starting material are dis- 
solved in 1000 ml. of water by adjusting the pH to 3.5 with 10 per cent 
hydrochloric acid. The clear solution is cooled to 0—4° in an ice bath; 
3.16 volumes of ice-cold acetone are added slowly from two or three sepa- 
ratory funnels with tips of small diameter. The suspension is equilibrated 
for 15 minutes, and the precipitate is collected by centrifugation; yield, 
approximately 20 gm. (dry weight). 

Step 2. Fractional Precipitation at pH 4.3—Sodium acetate buffer is 
prepared by dissolving 90 gm. of anhydrous sodium acetate and 340 ml. of 
glacial acetic acid in 30 liters of water. The pH of this solution is adjusted 
to 4.3 with 10 per cent sodium hydroxide (approximately 40 ml.). 

The material resulting from Step 1 is dissolved to prepare a 1 per cent 
protein solution. After adjusting the pH to 3.3 with 10 per cent hydro- 
chlorie acid, the solution is placed in a Visking cellophane membrane and 
dialyzed in the cold (4—7°) against the acetate buffer for 24 to 48 hours. 
The colloidal precipitate that formed slowly during dialysis is collected by 
centrifugation at high speed (30 to 50 minutes at 20,000 * g). It is re- 
suspended in approximately 250 ml. of water and is dialyzed for 24 hours 
against 0.025 n hydrochloric acid, and thereafter for 24 to 48 hours against 
water at 4-7°. The final solution contained 6 to 6.5 gm. of protein. 

Step 3. Fractional Precipitations at pH 2.5—A\l\ dialysis operations de- 
scribed in this step are carried out in the chill-room at 4-7°. The dilute 
acid used is 0.025 n hydrochloric acid. The phosphate solution is prepared 
by dissolving 15 gm. of KH2PO, per liter of water and adjusting the pH 
to 2.5 with hydrochloric acid. 
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The solution resulting from Step 2 is diluted with water (approximately 
350 ml.) to obtain a protein concentration of 1 per cent. After adjusting 
the pH to 2.5 with 0.2 per cent hydrochloric acid, the solution is placed 
ina Visking cellophane membrane and is dialyzed for 24 hours against 30 
liters of the phosphate solution. The colloidal precipitate is, as in Step 2, 
collected by centrifugation at high speed and is redissolved in 500 ml. of 
dilute acid. The solution is dialyzed, first for 3 hours against 0.025 Nn 
hydrochloric acid and thereafter for 24 hours against the phosphate solu- 
tion. The collected precipitate is redissolved and dialyzed once more in 
the same manner. The salt is removed from the final precipitate by dis- 
solving it in 250 ml. of dilute acid and by extensive dialysis (40 to 48 hours) 
of the solution against 0.025 Nn acid followed by water. The solution, 
virtually free of phosphate, is lyophilized. Yield, 1.3 to 1.8 gm. of a 
slightly yellow powder. 

Step 4. Crystallization of Highly Purified Glucagon—1| gm. of the ly- 
ophilized material from Step 3 is dissolved in 75 ml. of water, 25 ml. of 4 
mM urea are added, and the pH of the mixture is adjusted to 8.9 with 0.2 
per cent sodium hydroxide. The volume is brought to 150 ml. with 0.1 
mM glycine buffer of pH 8.5 and the solution (pH 8.6) is allowed to stand in 
the refrigerator. Crystallization starts after a few hours and is completed 
within 24 to 48 hours. The crystals are collected by gentle centrifugation 
in a clinical centrifuge; they are washed three times with a cold 0.01 per 
cent sodium chloride solution and dried subsequently in vacuo over phos- 
phorus pentoxide. The colloidal precipitate which has formed during the 
crystallization process is removed by centrifugation at high speed. It 
contains 40 to 50 per cent glucagon, part of which can be recovered in crys- 
talline form by repeating the crystallization step. 

Recrystallization of glucagon is performed by using essentially the same 
procedure as described above. For example, 100 mg. of crystalline gluca- 
gon are dissolved in 14.5 ml. of water by adjusting the pH to approximately 
ll. 870 mg. of urea and 29 mg. of glycine are added. The solution is 
centrifuged and the clear supernatant fluid is readjusted to pH 8.5 with a 
small amount of 10 per cent hydrochloric acid. This operation precipi- 
tates some of the protein in amorphous form; its transformation into crys- 
tals, however, takes place upon standing in the refrigerator for 24 to 48 
hours. The crystals are collected, washed, and dried in the described 
manner. Washing of once, or especially twice, recrystallized glucagon 
with a cold 0.01 per cent sodium chloride solution is essential, since the 
fragile crystals are often transformed into a gel if washed with electrolyte- 
free water. The specific biological activity of the residual protein, isolated 
from the mother liquor after recrystallization of glucagon, is identical with 
that of the crystals. Thus, within the limits of the biological test, no 
additional purification is accomplished by repeated recrystallization. The 
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protein recovery and distribution of biological activities for each purifica- 
tion step are summarized in Table I. 


Characterization and Properties of Glucagon 


The glucagon crystals belong to the isometric system and appear as the 
sharply defined rhombic dodecahedra shown in Fig. 1. 


TABLE I 


Distribution of Protein and Biological Activity in Inactive and Active 
Fractions of Each Purification Step 


Inactive protein fraction Active protein fraction 
— Over-all 
| | re- 

urification step | Glu- | otep- | covery 
Re- | Re- | __ jwise re- of 
covered Insulin (covered) | Insulin) covery tivity 

protein protein) of ace 

| tivity 
| 

percent percent units per mg. |Per cent per cent cent per cent 


1.0; 8&7 S7 
| 


Acetone fractionation 50 | 0.6-1 2.5 
0. 86 75 


7. 
Fractional precipita- 65-70 1 -1.3) 1 -1.3) 30-35) 20 
tion in acetate buf- | 
fer at pH 4.3 
Fractional precipi- 
tation in phosphate | 
solution at pH 2.5 | 


Ist dialysis 70-75. 


1.5-2 | 0.7 0.8 25-30 
0 | 2 0.7 | | 
3rd“ 3 2 (0.5 9 50-60~0.05 55 41 
Crystallization | 29f 1 0.2 -0.3 | | | 
“ ~0.05 23 100 4 «19 


* Based on the assumption that crystalline glucagon is 100 per cent pure. 
t Recovered from supernatant fluid. 
t Colloidal precipitate formed during crystallization. 


The crystalline powder is generally white, but occasionally has a bluish 
tint owing to trace contaminations of copper and cobalt ions. Emission- 
spectroscopic analysis revealed that the glucagon crystals obtained by the 
crystallization described contain less than 0.01 per cent of zinc. The 
moisture content is on the average 12.8 per cent; it can be removed by 


drying the crystals for 20 to 24 hours in vacuo at 100° over phosphorus | 


pentoxide. The crystalline protein is relatively insoluble in water, espe- 
cially in the presence of electrolytes. It, however, is soluble at alkaline 
and acid pH values, e.g. between pH 9.5 and 10.5 and below pH 4. The 
solubility is partly dependent on the amount and type of electrolyte pres- 
ent. Highly purified glucagon tends to form fibrils rather easily in acid 
aqueous solution. Fig. 2 shows an electron micrograph of glucagon fibrils. 
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The fact that no additional purification was accomplished by repeated 
recrystallization suggested that the crystalline glucagon preparations were 
of respectable purity. In addition, end-group analysis provided evidence 
that the crystalline product contained no detectable amounts of contami- 
nating proteins. Sanger’s dinitrophenyl procedure (9) yielded only 1 
N-terminal residue, namely didinitrophenyl-histidine. The purity of 
glucagon has also been studied by zone electrophoresis with starch as a 
supporting medium. Crystalline and recrystallized preparations were 


Fic. 1. Photomicrograph of glucagon crystals (100 x) 


tested under varying experimental conditions. Curve A of Fig. 3 repre- 
sents the distribution of 6 mg. of once recrystallized glucagon after elec- 
trophoresis for 40 hours (160 to 170 volts, 13 to 15 ma.) at pH 8.8 in starch 
buffered with 0.075 m glycine. It is evident that the protein separated 
into two distinct peaks. The faster moving component comprises approxi- 
mately 11 per cent of the total glucagon applied. The slight adsorption 
of protein at the point of application is probably due to the relatively 
low pH of this particular experiment. Adsorption did not occur in a simi- 
lar experiment at pH 9.86 (Curve B). The more alkaline pH caused the 
protein to migrate somewhat faster, but had no effect on the proportion or 
separation of the two components. Repeated recrystallization of glucagon 
failed to remove the small constituent. Curve C illustrates the distribu- 
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tion of a glucagon sample recrystallized three times subjected to zone A 
electrophoresis at pH 10.3 for 40 hours. The curve demonstrates that the oom 
two components are still present in approximately the same proportion. prot 


Fic. 2. Electron micrograph of glucagon fibrils (20,000 x) 
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Analysis of the minor component reveals that its qualitative amino acid 
composition is identical with that of the main peak and the crystalline 
protein itself. It is biologically about half as active as crystalline glucagon. 
These data suggested that the faster moving protein might be derived from 
glucagon itself, rather than being an extraneous impurity. This hypothe- 
sis was tested by reelectrophoresis of the protein isolated from the main 
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Fic. 3. Zone electrophoresis of crystalline glucagon on starch. The arrows indi- 
cate the point of application of the protein. Curve A, glucagon recrystallized once, 
0.075 m glycine buffer, pH 8.80; Curve B, glucagon recrystallized once, 0.075 m glycine 
buffer, pH 9.86; Curve C, glucagon recrystallized three times, 0.05 mM NasCQO; solu- 
tion, pH 10.3; Curve D, rerun of crystalline glucagon isolated from main peak (see 
Fig. 4), 0.075 m glycine buffer, pH 9.68. 


peak of two large scale experiments, 20 mg. of crystalline glucagon being 
employed for each run. The electrophoresis (150 volts, 13 to 15 ma.) was 
earried out in a 60 em. long trough at pH 10.2. The starch was washed 
with a glycine buffer (0.075 m) of pH 11.5. The time of electrophoresis 
was extended to 65 hours to insure separation of the two constituents. 
The shaded area in Fig. 4 indicates the portion which was used for the 
isolation of the main component. The recovered protein was crystallized 
and its electrophoretic behavior studied under the same conditions as em- 
ployed for Curve B (Fig. 3). The result recorded in Curve D of Fig. 3 
shows that reformation of the faster moving constituent has taken place in 
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about the same proportion. This result is consistent with the interpreta- 
tion that the small component is derived from glucagon itself. The evi- 
dence obtained from these experiments suggests strongly that crystalline 
glucagon is a protein of high purity, although further studies are necessary 
to prove its purity conclusively. 

The elementary composition of twice recrystallized glucagon is sum- 
marized as follows: C 50.11, H 6.42, 8 0.77, N 17.45 per cent. Glucagon 
may be distinguished from insulin by its relatively high nitrogen and low 
sulfur content. It should be noted, however, that all the analytical values 
presented are comparable to those found for most typical proteins. ‘T'wo- 
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Fic. 4. Large seale zone electrophoresis of crystalline glucagon on starch. The 
arrows indicate the point of application of the protein. 


dimensional paper chromatography of glucagon hydrolysates revealed the 
following components: methionine, tryptophan, arginine, histidine, lysine, 
phenylalanine, tyrosine, leucine, valine, alanine, threonine, serine, glycine, 
aspartic acid, glutamic acid, and ammonia. The amino acid composition 
of glucagon differs significantly from that of insulin with respect to several 
amino acids. Cystine, proline, and isoleucine could not be detected by 
chromatographic procedures even when relatively high concentrations of 
glucagon hydrolysates were used. The protein, however, contained con- 
siderable amounts of methionine and tryptophan; both of these amino 
acids are absent in insulin. Quantitative determinations of methionine 
showed that it accounts for all the sulfur found in erystalline glucagon; 
this confirms the finding that no other sulfur-containing amino acids are 
present. 
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Parenteral administration of crystalline glucagon produces a rapid in- 
crease in blood sugar, which is presumably due to the liberation of glucose 
from glycogen stores in the liver (10). The minimal effective dose is de- 
pendent on factors such as animal species, route of administration, and 
nutritional status. The hyperglycemic response of near minimal doses of 
crystalline glucagon in cats, rabbits, and mice is illustrated in Figs. 5 and 
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Fic. 5. Effect of crystalline glueagon on the blood sugar of cats and rabbits. 
Curve A, average response of seven cats (fasted for 16 hours) to intravenous injec- 
tion of 0.05 4 of glucagon per kilo of body weight. Curve B, average response of 
eight cats (fasted for 16 hours) to intravenous injection of 0.3 4 of glueagon per kilo 
of body weight. Curve C, average response of seven cats (fasted for 16 hours) to 
subcutaneous injection of 10 4 of glueagon per kilo of body weight. Curve FE, aver- 
age response of thirteen non-fasted rabbits to intravenous injection of 1 y of glueagon 
per kilo of body weight. Curve D, average response of thirteen non-fasted rabbits 
to subcutaneous injection of 1 y of glucagon per kilo of body weight. 


6. The blood sugar Curves A, B, and C of Fig. 5 illustrate the hyper- 
glycemic responses in cats obtained with varying amounts of glucagon in- 
jected intravenously and subcutaneously. The curves clearly show that 
glucagon is considerably less effective when administered by the subcutane- 
ous route than when given intravenously. Subcutaneous injection of glu- 
cagon up to 3 y per kilo of cat body weight produced no significant hyper- 
glycemia, whereas by intravenous administration as little as 0.05 y per kilo 
caused a blood sugar rise of approximately 30 mg. per cent. This differ- 
ence in activity is not observed in the rabbit. The hyperglycemia achieved 


a- 
1e 
n- 
| 
| 
| 
he | 
he 
1e, 
le, | 
on 
‘al | 
| 
of | 
| 
no | 
ne | 
ure | 


628 GLUCAGON 

by 1 y of crystalline glucagon per kilo, given by either route, is of the same 
order of magnitude. Fig. 5 reveals, furthermore, that the rabbit is less 
sensitive to glucagon than the cat. The former requires about 10 to 15 
times more glucagon to achieve a comparable rise in blood sugar. 
sensitivity appears to differ from species to species. 
standard strain are relatively insensitive to glucagon. The blood sugar rise 
produced by a dose of 0.1 y per mouse (25 to 30 gm.) is not significant 
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Fic. 6. Effect of crystalline glucagon on the blood sugar of mice. 


sponse of ten mice (fasted for 16 hours) to subcutaneous injection of 2 y of glucagon — 
A, ‘Average response of eight non-fasted mice to subcu- 
taneous injection of 2 y of glucagon per mouse. A, average response of twelve mice | 


per mouse (20 to 30 gm.). 


(fasted for 16 hours) to subcutaneous injection of 0.1 y of glucagon per mouse. @, 
average response to injection of insulin-diluting fluid as a control. The hypergly- 
cemia probably is due to the increased temperature (37°) to which all mice were sub- 
jected immediately after injection. 


even when injected intravenously. The same dose on a kilo basis (3 to 
4 y per kilo) would cause a pronounced hyperglycemia in cats or rabbits. 
As illustrated in Fig. 6, a significant hyperglycemia can be obtained in 
mice by administering larger amounts of glucagon, e.g. 1 to 2 y per mouse. 
Anesthetized cats not only are more sensitive to glucagon than either rab- 
bits or mice, but they also show less variation in sensitivity. It was found 
that the standard error of the mean in mice for groups of fifteen to seven- 
teen animals varied between 20 and 30 per cent, whereas, for the same 
number of cats, it never exceeded 10 per cent. 


In regard to stability it is evident from earlier work (2, 10) that glucagon; 


is more resistant to alkali than insulin. This difference can be explained 
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on the basis of the amino acid composition of the two proteins. The in- 
sulin monomer (mol. wt. 6000) contains 3 molecules of cystine, an amino 
acid that is very susceptible to alkali. Even partial rupture of the disul- 
fide linkages results in a total loss of the hypoglycemic activity (11, 12). 
The absence of cystine in glucagon is probably responsible for its rela- 
tively high stability in the presence of alkali. Although alkaline glucagon 
solutions are slowly inactivated as shown in Fig. 7, they can be kept under 
refrigeration for at least a few weeks without noticeable loss in biological 
activity. Glucagon dissolves readily by adding small amounts of alkali to 


100 


O 


REMAINING ACTIVITY IN Z% 


MONTH 


Fig. 7. Inactivation of crystalline glucagon in alkaline solution. Loss in biologi- 


cal activity of a 0.02 per cent glucagon solution in 0.1 m glycine buffer at pH 9.9 
kept at 4° for 12 months. 
J 


crystal suspensions. These solutions can be kept at alkaline pH values of 
10.5 to 11.5 for several hours without endangering the biological activity. 


_ Like insulin, glucagon appears to be more stable at acid pH values. <A 0.1 
per cent glucagon solution in insulin-diluting fluid at pH 3 was kept in the 
—chill-room (3—4°) for 7 months without ensuing loss of hyperglycemic ac- 
tivity. Dry crystalline glucagon is relatively resistant to heating. Its 
biological activity remained unchanged after a heating period of 48 hours 
vacuo at 105°. 


DISCUSSION 


Many of the earlier reports dealing with the action of crude insulin prep- 


—arations suggested that the hyperglycemic effect might be an inherent 


property of insulin (13, 14) or be due to an artifact created during its 
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manufacture (15). Biirger and Brandt (2) were first to study the proper- 
ties of purified glucagon preparations. Their data suggested, in agreement 
with Kimball and Murlin’s hypothesis, that the hypo- and hyperglycemic 
activities of pancreatic extracts are due to two different substances. Biir- 
ger and Brandt’s preparations were active in rabbits at a dose level of 20 
y per kilo of body weight (given intravenously). It seems unlikely, how- 
ever, that the purity of these samples exceeded 10 per cent, since 1 to 2 y 
of crystalline glucagon per kilo of rabbit produced a comparable response. 
On this basis it is not surprising that the properties of crystalline glucagon 
described in this paper differ significantly in many respects from those de- 
scribed by the German investigators. Their preparations, for example, 
contained 2.7 per cent sulfur, whereas crystalline glucagon contains only 
0.77 per cent. The low sulfur content of glucagon is explained by the ab- 
sence of cystine which is present in considerable amounts in impure gluca- 
gon preparations or in insulin. Furthermore, the pK of glucagon is, con- 
trary to Birger and Brandt’s observation, higher than that of insulin. 
Preliminary experiments indicated that the isoelectric region of glucagon 
is approximately between pH 7.5 and 8.5. The chemical and physico- 
chemical properties of the crystalline protein prove conclusively that glu- 
cagon is indeed an entity distinctly different from insulin. The possibility 
of its being a degradation product of the latter is eliminated by the amino 
acid composition of glucagon. 

Mohnike and Boser (16) recently reported the preparation of a crystal- 
line hyperglycemic, glycogenolytic substance. It appears to be a nucleo- 
protein and differs markedly from the crystalline glucagon described in this 
paper. Glucagon is free of carbohydrate and has all the properties of a 
simple protein. It contains methionine and threonine, two amino acids 
which are absent in the nucleoprotein. On the other hand, isoleucine and 
proline, two constituents of Mohnike and Boser’s preparation, are missing 
in glucagon. The difference in biological activity between the two proteins 
is remarkable. 500 y of Mohnike and Boser’s preparation are necessary 
to achieve a minimal blood sugar rise in a rabbit weighing 3.5 kilos; a 
comparable response is obtained with as little as 2 to 3 y of crystalline glu- 
cagon. Moreover, the biological activity of the nucleoprotein disappears 
rapidly, even when stored as a dry powder, whereas glucagon under these 
conditions is stable. In view of these facts, it is concluded that the two 
substances are entirely different. 

Weitzel et al. (17) in a recent publication reported on the relationship 
between zine content and hyperglycemic effect of several crystalline insulin 
preparations. The hyperglycemic activity of insulin, within certain limits, 
appeared to be a function of the zine content. Insulin samples of low zinc 
content showed little or no hyperglycemic activity; however, considerable 
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biological activity was noted for preparations containing 0.9 to 1.4 per cent 
of zinc. Removal of part of the zine from such samples produced insulin 
crystals essentially free of hyperglycemic activity. Based on these data, 
the investigators speculated that the hyperglycemic factor might possibly 
be inactive by itself, gaining its full potency only through formation of a 
complex with zine and insulin. This hypothesis, however, is unlikely, 
since the biological activity of crystalline glucagon, containing at the most 
traces of zine and insulin, is higher than that of any preparation described 
in the literature. Addition of either one or both of these agents has no 
potentiating effect on the biological activity. The protein, as far as it is 
known, contains no non-protein prosthetic groups. The hyperglycemic 
effect of glucagon, therefore, must be an inherent property of the polypep- 
tide. Although this work clearly demonstrates that the formation of a 
complex with either insulin or zinc is not a prerequisite for biological ac- 
tivity, the possibility that these substances may form association products 
or complexes as described by Tanford and Epstein (18) is not eliminated. 

Based on quantitative determinations carried out for some of the amino 
acids, it is possible to make an estimation with respect to the molecular 
weight of glucagon. ‘Two-dimensional paper chromatography of dinitro- 
phenyl-glucagon hydrolysates revealed no free histidine. Furthermore, no 
separate ninhydrin-positive spot, possibly due to colorless imidazole-dini- 
trophenyl-histidine was detected. The N-terminal histidine residue is 
therefore the only one occurring in the polypeptide chain and accounts for 
all of the 3.7 per cent histidine found in crystalline glucagon. This con- 
clusion is in agreement with molecular ratio determinations and sequence 
studies presently in progress. The molecular weight of glucagon calcu- 
lated from these data is 4200; the same value was obtained on the basis of 
the methionine content. This suggests that the polypeptide is composed 
of approximately 28 to 32 amino acid residues. 


SUMMARY 


The isolation and crystallization of glucagon, the hyperglycemic-glyco- 
genolytic factor of the pancreas, are described. Physical and chemical 
studies indicate that the crystalline protein is of high purity. The amino 
acid composition revealed that glucagon is a distinct entity with no ap- 
parent relationship to insulin. Histidine is the N-terminal amino acid. 
Glucagon is entirely different from the hyperglycemic substance recently 
described by Mohnike and Boser. Crystalline glucagon virtually free of 
azine is biologically highly active; its activity is not potentiated by addition 
of either zine or insulin. 


We are pleased to acknowledge the assistance of Dr. Ef. O. Davisson and 
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Mr. R. Gamewell in providing the picture of glucagon fibrils. We are 
indebted to Dr. H. A. Rose for photographing and characterizing the 
crystals. 
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PREPARATION OF PHOSPHATIDYL ETHANOLAMINE 
FROM SOY BEAN PHOSPHATIDES* 


By C. R. SCHOLFIELD anv H. J. DUTTON 


(From the Northern Utilization Research Branch, Agricultural Research 
Service, United States Department of Agriculture, Peoria, Illinois) 


(Received for publication, November 22, 1954) 


In a previous paper (1), it has been shown that phosphatidyl! ethanol- 
amine can be isolated from the alcohol-insoluble fraction of soy bean 
phosphatides. Fractions obtained by counter-current distribution of this 
material were treated with lead acetate to precipitate an inositol-contain- 
ing phosphatidic acid and other substances, leaving phosphatidyl ethanol- 
amine in solution. The utility of this procedure as a source of phospha- 
tidyl ethanolamine is lessened by requirements of special apparatus and 
the relatively small capacity of the counter-current distribution step. For 
large scale work a long and complicated operation in large separatory fun- 
nels must be substituted. Since soy bean phosphatides are readily avail- 
able, simplified methods for the preparation of phosphatidyl ethanol- 
amine from this source were investigated. The present paper describes a 
study of two such methods by which phosphatidyl ethanolamine of 85 per 
cent or higher purity has been prepared. Preparation A makes use of an 
extraction procedure based on the counter-current distribution previously 
used. In Preparation B, treatment of a chloroform solution with meth- 
anol is substituted as the initial step. 


EXPERIMENTAL 


Analytical Methods—Phosphatides were analyzed by methods similar to 
those used in earlier work (1). Phosphorus was determined according to 
Truog and Meyer (2) on samples ashed with magnesium nitrate. Total 
nitrogen was determined by a micro-Kjeldahl procedure. Choline was 


- measured by the reineckate method of Glick (3). Samples for nitrogen 
— determination by the periodate method of Burmaster (4) were hydrolyzed 


by refluxing for 24 hours with 10 ml. of 2 N H.SO,. For use in the inositol 
assay (5) samples were hydrolyzed with 20 per cent HCl at 120° for 16 
hours. In sugar determinations, samples were refluxed for 20 hours with 
2 nN H.SO,, filtered, and neutralized. This hydrolysis is satisfactory for 
samples from which free sugars have been removed. With the acetone- 


~ insoluble phosphatides which still contained free sugars, a milder hydroly- 


* Presented before the meeting of the American Oil Chemists’ Society, Minne- 


| apolis, Minnesota, October 11-13, 1954. 
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sis, as described in a previous paper, was used (6). Sugar was determined 
by Somogyi’s procedure (7). 

Preparation of Alcohol-Insoluble Fraction—The alcohol-insoluble fraction 
of soy bean phosphatides used in this work was prepared as previously de- 
scribed (1). Commercial soy bean lecithin was first stirred with acetone, 
cooled to 10°, and filtered on a Biichner funnel. The insoluble material 
was dissolved in hexane, precipitated by pouring into acetone, cooled to 
10°, and filtered. The precipitation of this insoluble material from hexane 
solution was repeated three times. In the first two precipitations, the 
mixture was cooled to 10°; the last two precipitations were carried out at 
room temperature. Acetone was removed from the insoluble material un- 
der vacuum. From 768 gm. of commercial lecithin, 502 gm. of acetone- 
insoluble material were obtained. This material (493 gm.) was divided 
into three portions and each portion was extracted in a Waring blendor'! 
with 400 ml. of absolute alcohol. After filtration on a Biichner funnel, the 
insoluble material was divided into two portions, and the extraction was 
repeated five times at room temperature and five times with absolute alco- 
hol warmed to 55-60°. The wet filter cake after the last extraction weighed 
334 gm. Drying of a small sample indicated that it contained 36 per cent 
alcohol. Hexane, water, and additional alcohol were added to the re- 
mainder of the wet cake to give a solution containing 3 ml. of 50 per cent 
alcohol and 3 ml. of hexane for each gm. of material. This mixture was 
shaken gently in a separatory funnel, centrifuged to break the emulsion, 
and separated into two layers. The hexane layer was extracted twice more 
with 50 per cent alcohol, since previous work (6) had shown that the free 
sugars were removed from phosphatides by this procedure. The hexane 
solution was then evaporated to about three-fourths of its original volume 
and added to 5 liters of acetone. After filtration on a Biichner funnel, the 
insoluble material was dried under vacuum. Alcohol-insoluble phospha- 
tides low in sugar thus were obtained in a yield of 166 gm. Analytical 
data on this material are shown in Table I. 

Preparation A—This preparation is a simplified variation of the counter- 
current distribution procedure previously used (1). 50 gm. of the alcohol- 
insoluble fraction were dissolved in 175 ml. of hexane previously equili- 
brated with 95 per cent methanol. The hexane solution was extracted ten 
times with 400 ml. portions of the 95 per cent methanol equilibrated with 
hexane. Methanol Extracts 1 through 5 and 6 through 10 were combined 
to give two solutions which were then processed separately. Each solution 
was extracted with 75 ml. of the hexane layer, filtered to remove a slight 

1The mention of firm names or trade products does not imply that they are en- 


dorsed or recommended by the United States Department of Agriculture over other 
firms or similar products not mentioned. 
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cloudiness, and partially evaporated under vacuum to remove hexane. 
The solutions became cloudy on evaporation but became clear again upon 
dilution to their original volumes with methanol. An excess of lead ace- 
tate solution (30 gm. of lead acetate made up to 100 ml. with water) was 
added. For the combined Extracts 1 through 5, 25 ml. of lead acetate 
solution were required; for the combined Extracts 6 through 10, 15 ml. 
Precipitated lead salts of phospholipides were removed by filtration. 
‘Excess lead ion was removed from the filtrates by passing carbon dioxide 
gas from a cylinder into the solutions. The solutions were then filtered to 
remove lead carbonate. This procedure has been found to be much more 
satisfactory than the 10 per cent acetic acid wash previously described (1). 


TABLE I 
Analysis of Phosphatide ractions 


| | 
 Bur- 
Fraction Choline N | | Inofi- 


| 
cent t|per cent per cent | | cent cenl per c cenl ber cenl 
. 
Acetone-insoluble soy bean phos- | | i | 


| 13.06 1.12} 0.44) | 10.54 


Alcohol-insoluble low sugar....... 0.73) <0.001 | 7.45 | 2.74 
Preparation A, Extracts 1-5... 5.1 3.75 1.56. | 3.21 
| 3.3 | 3.72 | 1.72 | | 0.08) 1.74 
(19.8 3.61 1.62 1.37. 0.02 2.17 


* Per cent of on at fenetion 
t This value was obtained by mild hydrolvsis (6). 


Filtrates were evaporated to 100 ml. under vacuum and then transferred 
to separatory funnels with ether, and 100 ml. of water were added. The 
ether solutions were washed with water to give a negative lead test with 
dithizone and then evaporated to dryness. From Extracts 1 through 5, 
2.54 gm. of product were obtained and from Extracts 6 through 10, 1.62 
gm. The analytical data are shown in Table I. 

Preparation B—In this preparation, a 24.6 gm. sample of the alcohol- 
insoluble fraction was dissolved in 60 ml. of chloroform saturated with 
water and added to 500 ml. of methanol. The mixture was warmed to 
40—45°, allowed to cool to room temperature, and filtered. The precipitate 
was redissolved in wet chloroform and reprecipitated five times in the same 
way. The progress of the fractionation was followed by evaporating and 
weighing 1 ml. aliquots of the filtrates. No aliquot of the original filtrate 
was obtained, but aliquots of the filtrates from the five reprecipitations 
gave values of 8.6, 7.0, 4.3, 3.0, and 1.9 mg., respectively. 

This procedure gives a separation similar to that obtained by counter- 
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current distribution or by the methanol extraction of Preparation A. The 
methanol solution contains phosphatidyl! ethanolamine, inositol-containing 
phosphatidic acids, and other substances. The methanol-insoluble mate- 
rial, which is discarded, includes that found in the more hexane-soluble 
phosphoinositide fraction after counter-current distribution or extraction. 

To the combined methanol filtrates, 45 ml. of the lead acetate solution 
were added. Lead salts were removed by filtration, and carbon dioxide 
was passed into the filtrate. Lead carbonate was filtered and the filtrate 
was evaporated to 235 ml. under vacuum. The solution was transferred 
to a separatory funnel with hexane and 250 ml. of water were added. In 
this experiment the water layer gave a positive dithizone test for lead. 
This test remained positive after washing the hexane solution four times 
with water. However, washing twice with 1 per cent acetic acid gave a 
negative test and three more water washes removed residual acetic acid. 
The hexane solution was evaporated to dryness under vacuum, leaving 4.89 
gm. of a phosphatidyl ethanolamine concentrate whose analysis is shown 
in Table [. 

The purity of this preparation of phosphatidyl ethanolamine was in- 
vestigated further by determining the amount of unsaponifiable material 
and the amount and neutral equivalent of the fatty acids present. Sam- 
ples weighing 171.4 mg. and 162.1 mg. were refluxed for 4 hours with 1 
gm. portions of potassium hydroxide in 25 ml. of water. The soap solu- 
tions were transferred to separatory funnels and 15 ml. of alcohol were 
added. They were extracted five times with 25 ml. portions of ether to 


remove unsaponifiable material. The ether extracts were washed five 

times with water and the first three washes were returned to the soap solu- _ 
tions. The ether extracts were evaporated and weighed. A value of 12.7 | 
per cent for unsaponifiable material in the phosphatidyl ethanolamine frac- | 


tion was obtained. The soap solutions were made acid with 2 Nn H.SO, 
and extracted three times with ether. The ether extracts were washed to 
remove sulfuric acid, evaporated to dryness, and weighed. They were 
then dissolved in neutral alcohol and titrated with 0.05 nN NaOH to a 
phenolphthalein end-point. The phosphatidyl ethanolamine sample con- 
tained 62.3 per cent fatty acids with a neutral equivalent of 280.7. Thus 
a molar ratio of 1.91 fatty acid molecules for each phosphorus atom is 
obtained. A phosphatidyl ethanolamine whose fatty acids have a neutral 
equivalent of 280.7 is calculated to contain 1.89 per cent nitrogen and 4.18 
per cent phosphorus. Therefore, this sample may be calculated to contain 
85.6 per cent phosphatidyl ethanolamine based on its total nitrogen con- 
tent and 86.5 per cent phosphatidyl ethanolamine based on its phosphorus 


content. It is seen that phosphatidyl] ethanolamine, together with the 12.7 | 


per cent unsaponifiable material, accounts for almost all of the sample. 


The unsaponifiable material was found to give a strong test for sterols | 
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and to be insoluble in chloroform or alcohol, but soluble in chloroform- 
alcohol mixture. This suggests a sterol glycoside. This unsaponifiable 
material contained 26.3 per cent sugar when analyzed in the same way as 
described for phosphatides. 8-Sitosterol glucoside is calculated to contain 
31.2 per cent sugar. Therefore, the principal impurity seems to be sterol 
glycosides. 

As seen in Table I, the nitrogen obtained by periodate oxidation (Bur- 
master N) is lower than the total nitrogen value. Since Carter et al. (8) 
have reported the presence of a long chain nitrogen base in soy bean phos- 
phatides, a “sphingosine” nitrogen determination was run according to 
their procedure. <A value of 0.07 per cent was obtained which only par- 
tially accounts for the difference between total nitrogen and Burmaster N. 
However, a sample of synthetic a-palmito-a-linoleocephalin, obtained from 
Dr. W. G. Rose (9), which was calculated to contain 1.96 per cent nitro- 
gen, gave a periodate nitrogen value of 1.55 per cent, indicating that values 
less than the theoretical may be expected. : 


DISCUSSION 


Upon treatment of soy bean phosphatides with absolute alcohol, phos- 
phatidyl ethanolamine is found in both the soluble and insoluble fractions 
(1, 10). No satisfactory method has been developed for preparation of 
phosphatidyl ethanolamine from the soluble fraction, although a partial 
separation has been obtained by counter-current distribution (10). From 
the insoluble fraction, on the other hand, phosphatidyl ethanolamine has 
been prepared in 90 to 95 per cent purity by using lead acetate to precipi- 
tate other substances which are present with it in certain fractions ob- 
tained by counter-current distribution (1). In this paper, two simplified 
procedures are presented. Although the phosphatidyl ethanolamine is 
slightly less pure (85 to 90 per cent), the counter-current distribution step 
has been eliminated, and the method is suitable for use on a preparative 
scale. The procedure we prefer is that described under Preparation B. 
By this method a yield of 19.8 per cent was obtained based upon the weight 
of the alcohol-insoluble fraction used, while Preparation A gave a total of 
only 8.4 per cent. 

The product seems to be almost free of other phosphatides, and the prin- 
cipal impurity is believed to be sterol glycosides. Attempts to remove 
sterol glycosides have not been successful. The 2:1 ethanol-chloroform 
mixture used by Carter et al. (8) is not suitable, since the phosphatidyl] 
ethanolamine is also soluble in this mixture. 


SUMMARY 


A procedure is described for the isolation of phosphatidyl ethanolamine 
from the alcohol-insoluble fraction of soy bean phosphatides. A concen- 
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trate containing 85 per cent phosphatidyl ethanolamine is obtained in a 
vield of 19.8 per cent based on the weight of the alcohol-insoluble fraction. 


The authors are indebted to W. G. Rose of the Western Utilization Re- 


search Branch for the sample of synthetic phosphatidyl ethanolamine, to 


H. 


H. Hall and Margaret IE. Shekleton for the inositol bioassays, to T. H. 


McGuire for the phosphorus determinations, to C. H. Van Etten and Clara 


MeGrew for the nitrogen determinations, and to J. C. Cowan for his 


interest and encouragement. 
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ENZYMATIC SYNTHESIS OF y-GLUTAMYLCYSTEINE* 


By STANLEY MANDELES ann KONRAD BLOCHT 


(From the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, November 22, 1954) 


Studies on the enzymatic synthesis of glutathione! in pigeon liver extracts 
have demonstrated that y-glutamylcysteine is the intermediary product 
and that ATP is required for the synthesis of both bonds in the tripeptide 
(1). More recent communications from this laboratory (2, 3) have de- 
scribed the purification and the properties of GSH synthetase from both 
pigeon liver and yeast, enzymes which catalyze the condensation of glycine 
with y-glutamylcysteine to form GSH. The present study deals with the 
partial purification and the characterization of an enzyme, from frozen 
comminuted hog liver, which catalyzes the formation of y-glutamyleysteine 
from L-glutamic acid and L-cysteine. While this investigation was under 
way, the same reaction was shown to occur in extracts of bean seedlings 


(4).° 
EXPERIMENTAL 


Materials—Amino acids and peptides were the same preparations that 
had been used previously (2). Disodium ATP was purchased from the 
Pabst Brewing Company. Frozen comminuted hog liver was generously 
made available by Dr. M. Mitz and Dr. 8S. Yanari of Armour and Com- 
pany. Purified GSH synthetase from yeast was kindly supplied by Dr. J. 
E. Snoke of this laboratory. 

Methods—Dnuring the early stages of enzyme fractionation it was found 
more convenient to follow Glut.Cyst. synthesis by converting the dipeptide 
to GSH rather than to assay for Glut.Cyst. directly. Therefore the liver 
fractions were incubated with L-glutamate, L-cysteine, C'-glycine, excess 
veast GSH synthetase, and an ATP regenerating system as described by 


* Supported by a grant-in-aid from the Division of Research Grants and Fellow- 
ships of the United States Public Health Service. 

t Present address, Department of Chemistry, Harvard University, Cambridge, 
Massachusetts. 

'The following abbreviations have been used: GSH, glutathione; Glut.Cyst., 
y-glutamyvleysteine; ATP, adenosine triphosphate; ADP, adenosine diphosphate; 
AMP, adenylic acid; P,, orthophosphate; PGA, 3-phosphoglveeric acid; Tris, tris- 
(hydroxymethyl) aminomethane. 

? Attempts to isolate an enzyme with Glut Cyst. synthetase activity from auto- 
lyzed yeast have not been successful in this laboratory. 
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Snoke et al. (2). The incorporation of C'-glycine into GSH was deter- 
mined (5) and served as a measure of Glut.Cyst. synthesis. Control 
experiments showed that this is a valid procedure since GSH synthetase 
possesses no,Glut.Cyst. synthetase activity. Moreover, with GSH syn- 
thetase in excess, the conversion of Glut.Cyst. to the tripeptide is quantita- 
tive. In some experiments C'™-glutamate (uniformly labeled) was used 
instead of C'4-glycine. The analytical results were the same within the 
limits of error of the assay method. In the later stages of purification, 
after the ATPase activity of the preparations had been sufficiently reduced, 
the assay for Glut.Cyst. was based on the release of inorganic phosphate 
from ATP which accompanies formation of the dipeptide from glutamic 
acid and cysteine. Orthophosphate was determined according to the 
procedure of Gomori (6) and the concentration of protein measured nephelo- 
metrically after precipitation with trichloroacetic acid in 0.1 Mm (NH,4)SOx4. 

The composition of the reaction mixtures that were used in the two as- 
says is given in Table I. 

Enzyme Purification—All operations were carried out at 4°. 

Saline Extract—100 gm. of frozen comminuted hog liver were suspended 
in 227 ml. of 0.04 m NaHCO; containing 0.8 per cent NaCl. The suspen- 
sion was adjusted to pH 8.0 with 1 N NaOH, stirred for 90 minutes, and 
centrifuged at 4000 r.p.m. for 20 minutes. The opaque supernatant solu- 
tion (200 to 220 ml.) is designated as Fraction A in Table I. 

Protamine Sulfate Treatment—The pH of Solution A was adjusted to 6.8 
with 0.5 n H.SO, and 40 ml. of a 2 per cent protamine sulfate solution were 
added. The suspension, after stirring for 30 minutes, was centrifuged at 
10,000 r.p.m. to yield 200 ml. of clear red supernatant fluid (Fraction B). 

First Ammonium Sulfate Precipitation—Fraction B was adjusted to pH 
8.5 with 0.5 n NaOH and brought to 35 per cent saturation with a saturated 
ammonium sulfate solution, the pH of which had been adjusted to 8.5 
with concentrated NH,OH. The mixture was stirred for 30 minutes, 
centrifuged, and the precipitate discarded. The supernatant fluid was 
then brought to 65 per cent saturation with the saturated ammonium 
sulfate solution and centrifuged after 30 minutes of stirring. The superna- 
tant fluid was discarded, and the precipitate was suspended in a minimal 
volume of water and dialyzed overnight against cold running tap water. 
The insoluble material was then removed by centrifugation and the super- 
natant fluid (Fraction C) was retained. 

Second Ammonium Sulfate Precipitation—Fraction C was brought to 
40 per cent saturation with saturated ammonium sulfate at pH 5.5. After 
stirring for 30 minutes, the mixture was centrifuged and the residue was 
discarded. The ammonium sulfate concentration in the supernatant fluid 
was then raised to 60 per cent of saturation, the mixture was stirred for 30 
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minutes, and the precipitated material collected by centrifugation. This 
precipitate was dissolved in a minimum of water and dialyzed overnight 
against cold running tap water. The solution was clarified by centrifuga- 
tion (Fraction D). 


TABLE I 
Fractionation of Glut.Cyst. Synthetase 


Glut.Cyst. measured by | 


| Total synthetase | ATPase 
Fraction | GSH synthesis* PO, releaset | Total protein | ers 

gm. umoles 
A 0.0018 | 15 27 
B (0.022 
D 0.30 0.24 0.30 — 72 0.1 0.05 

0.35 0.36 | 

E 0.5 0.10 50 0.00} 0.02 


* Assay systems contained 0.1 mM Tris buffer, pH 8.5, 0.1 m KCI, 0.01 m MgS0O,, 
0.15 m KCN, 0.01 m glutamate, 0.01 M cysteine, 0.015 m C'-glycine, 0.003 m ATP, 
0.01 m 3-PGA, 2 mg. of rabbit muscle extract, GSH synthetase, and liver fractions 
as indicated. The values are expressed as micromoles of GSH formed per mg. of 
protein at 37° in 60 minutes. 

+t Measured as micromoles of P; released per mg. of protein in 60 minutes. Assay 
systems contained 0.1 m Tris buffer, pH 8.5, 0.01 m MgSO,, 0.00075 um ATP, 0.01 m 
glutamate, 0.01 m cysteine, and enzyme. Total volume, 2.0 ml. 

t Measured as micromoles of P; released per mg. of protein in 60 minutes when 
cysteine was replaced by 0.01 m (NHy,)2SOx. 

§ Measured as micromoles of P; released per mg. of protein in 60 minutes when 
either glutamate or cysteine was absent. 

|| When cysteine was replaced by hydroxylamine in concentrations varying from 
0.01 to 1.0 mM, only blank values for Pj were observed. Tests for hydroxamic acid by 
the method of Lipmann and Tuttle (7) were likewise negative. In these experi- 
ments the incubation mixtures contained either GSH or KCN to prevent oxidation 
of SH groups on the enzyme. 


Third Ammonium Sulfate Precipitation—Fraction D was adjusted to pH 
8.5 with 0.5 m NH,OH and brought to 45 per cent of saturation with 
saturated ammonium sulfate solution of the same pH. The suspension 
was stirred for 30 minutes, centrifuged, and the residue discarded. The 
ammonium sulfate concentration of the supernatant fluid was then raised 
to 60 per cent of saturation, the mixture was stirred for 30 minutes, and 
the precipitated material collected by centrifugation. The precipitate 
was dissolved in a minimum of water and dialyzed overnight against cold 
running tap water (Fraction FE). 

The enzymatic activities of the various fractions of y-glutamyleysteine 
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synthetase obtained by the above procedure are given in Table I. It was 
noted that the total activity of Fraction B was 4 times greater than that of 
Fraction A, while the increase in specific activity was 12-fold. Presumably 
an inhibitor is being removed, and the actual purification achieved in this 
step is probably no greater than 3-fold. On this basis it is estimated that 
the over-all purification of the enzyme was about 60-fold. 


| 


6.0 7.0 8.0 3.0 10.0 


Fic. 1. pH-activity curve of Glut.Cyst. synthetase. Assays were run by incu- 
bating glutamate, cysteine, ATP, Mg**, and Glut.Cyst. synthetase as described in 
Table I, except that the pH was varied as indicated. After incubation for 30 min- 
utes at 37°, the samples were neutralized, boiled, and the precipitated protein re- 
moved by centrifugation. An aliquot of the supernatant solution was mixed with 
C'-glycine and an excess of GSH synthetase. After adjustment of the pH to 8.5, 
the samples were incubated for 60 minutes at 37°. Standard amounts of Glut.Cyst. 
were quantitatively converted to GSH under these conditions. 


Fraction EK was used as the source of enzyme in all the experiments 
listed in Tables I to V and Fig. 1. 

Stability of Enzyme—When Fraction E was stored in the freezing com- 
partment of a refrigerator for 3 months, the enzymatic activity declined to 
one-half of the original. At pH 5.5 the enzyme is stable in the cold for 
short periods of time, but rapidly loses activity at room temperature. 

pH Optimum—Because of the high ATPase activity exhibited by Frac- 
tion FE at pH values above 9.3, the dependence of enzyme activity on pH 
was determined by formation of radioactive GSH, as described in Fig. 1. 
Optimal Glut.Cyst. synthetase activity was observed between pH 8.3 and 
8.8. 
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RESULTS AND DISCUSSION 


The evidence for the identity of the product of Glut.Cyst. synthetase 
action with glutamyleysteine is 3-fold: (1) incubation of the enzyme with 
L-glutamate and L-cysteine, in the presence of ATP and magnesium, yields 
a peptide that has the same Ry value on paper chromatograms as authentic 
y-glutamyleysteine; (2) the addition of both glutamate and cysteine is 
required for the release of inorganic phosphate from ATP; (3) in the pres- 
ence of glycine and GSH synthetase the product of Glut.Cyst. synthetase 
action is converted to GSH. 


Taste Il 
Release of P, Catalyzed by Glut Cyst. Synthetase 
Components released 
umole 

No cysteine... .. 0.15 
eysteine, glutamate... ... 0.14 
0.12 
Plus NaCN (0.015 0.56 
KCI (0.1 M) 0.59 
NaCN (0.015 Mm), KCI (O.1 0.57 


The complete system consisted of 0.1 m Tris buffer, pH 8.5, 0.01 m glutamate, 0.01 
uM cysteine, 0.01 m MgSO ,, 0.00075 m ATP, and 2.4 mg. of Glut.Cyst. synthetase in 
a total volume of 2.0 ml. Time of incubation, 30 minutes. 


For the chromatographic characterization of Glut.Cyst., aliquots of the 
reaction mixture obtained on incubation of glutamate, cysteine, ATP, and 
Mg** were used (see Table II for the composition of the medium). The 
procedure followed was that described earlier for Glut.Cyst. formed in 
crude pigeon liver extracts (1), with the sole modification that the paper 
used was Whatman No. | instead of Schleicher and Schill No. 507. Chro- 
matograms were run with solutions containing N-ethylmaleimide to pro- 
mote migration of sulfhydryl compounds, as described by Hanes ef al. (8). 
Two ninhydrin-positive spots were obtained, a heavier one which was 
identified as the imide of cysteine (Rr = 0.43) and a less intense spot 
which had the same RR, as an authentic sample of y-glutamyleysteine 

The data in Table I show that the number of micromoles of C“-GSH 
formed in the assay with radioactive glycine and Glut.Cyst. synthetase is 
approximately equal to the number of micromoles of P; that are released 
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when the reaction mixture contains only glutamate, cysteine, ATP, and 
Glut.Cyst. synthetase. This result leads to the conclusion that, for each 
mole of Glut.Cyst. formed, 1 mole of ATP is split with the release of 1 mole 
of inorganic phosphate, and hence the appearance of P; is a direct measure 
of peptide synthesis in this system. Conditions necessary for the forma- 
tion of P; from ATP are further described in Table II. That a stoichio- 
metric relation exists between peptide synthesis and ATP utilization is 
also evident from the relative amounts of P; released during Glut.Cyst. 
synthesis on the one hand and those liberated in the total synthesis of the 
tripeptide on the other. The quantity of P; that appears as a result of 
GSH formation in the complete system (containing glycine and both 
Glut.Cyst. synthetase and GSH synthetase) is twice as great as the quan- 


III 
Release of Phosphate during Synthesis of Glut.Cyst. and GSH 
Pj released 4 

Complete...... 0.78 0.68 
No glycine........ | 0.45 0.35 
* GSH synthetase. | 0.45 0.35 
glutamate... | 0.10 

eysteine. .. | 0.10 


The complete reaction mixture contained 0.01 m glutamate, 0.01 M cysteine, 0.015 
M glycine, 0.1 mM Tris buffer, pH 8.5, 0.001 m ATP, 0.01 mM MgSO,, 0.1 m KCI, 0.015 m 
KCN, GSH synthetase in excess, and 1.2 mg. of Glut.Cyst. synthetase in a total 
volume of 2.0 ml. Reaction mixtures were incubated at 37° for 30 minutes. 


tity of P; formed when either glycine or GSH synthetase is omitted (Table 
IIT). Equal amounts of P; must therefore be split from ATP during each 
of the two consecutive steps of GSH synthesis. ATP utilization in the 
condensation of Glut.Cyst. with glycine has been shown to involve the 
formation of P; and ADP in equimolar quantities (3). That orthophos- 
phate and ADP are also the products in the process catalyzed by Glut.- 
Cyst. synthetase appears likely from the data in Table III. Assays for 
ADP have not been carried out, since the present preparations of Glut.- 
Cyst. synthetase appear to contain adenylic kinase which would interfere 
with the determination of the nucleotide balance. The presence of ade- 
nylic kinase is indicated by the finding that P; is released in significant 
amounts when ADP replaces ATP in the reaction mixture (Table IV). 
On the other hand ADP, when added in conjunction with ATP, markedly 
suppresses the release of inorganic phosphate, presumably by inhibiting the 
interaction of enzyme and ATP. An inhibitory effect of ADP on Glut.- 
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Cyst. synthesis and hence on P; liberation from ATP would be consistent 
with the supposition that ADP is one of the reaction products. Attempts 
to minimize the effect of adenylic kinase by selective inhibition with fluoride 
were unsuccessful because Glut.Cyst. synthetase activity was also strongly 
suppressed by fluoride (Table V). 


TaBLe IV 
Effect of ADP on Glut.Cyst. Synthesis 
Experiment No. ADP ATP | Pj released 
1 7.5 XK 10 0.30 
2 1.5 x 10°% 0.11 
3 2 10° 7.5 X 0.13 
4 5 7.5 X 0.19 
5 | 1 x 104 7.5 xX 104 0.27 


In Experiment 1, the reaction mixture was that described in Table I. In Experi- 
ments 2 to 5, ADP or ADP plus ATP was added in the indicated amounts. Incuba- 
tions were carried out at 37° for 30 minutes. 1.2 mg. of Glut.Cyst. synthetase were 
used per experiment. 


TABLE V 
Effect of Fluoride on Glut.Cyst. Synthesis 


Fluoride Pj released 
a umole 
0 0.28 
10-5 0.26 
0.20 
10°% 0.10 
4x 10° | 0.03 


The reaction mixture was that described in Table I for P; release and contained 
1.0 mg. of Glut.Cyst. synthetase. Incubation, 30 minutes at 37°. 


Since both glutamine and Glut.Cyst. are y-substituted amides of glu- 
tamic acid, it became of interest to ascertain whether the enzyme under 
study could also catalyze the synthesis of glutamine. When cysteine was 
substituted by ammonia, liberation of P; from ATP failed to occur (Table 
I). The synthesis of the two amides is therefore catalyzed by different 
enzymes. This conclusion also follows from the observation that cysteine 
cannot be replaced by hydroxylamine, even in high concentrations. No 
evidence for hydroxamic acid formation or ATP utilization was obtained. 
This was true for low concentrations of hydroxylamine (0.01 m) which are 
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adequate for the glutamohydroxamic acid formation catalyzed by gluta- 
mine synthetase (9), as well as for much higher concentrations of the amine 
(0.5 to 1.0 m) which are customarily used for the trapping of carboxyl- 
activated intermediates. It may be recalled that GSH synthetase cata- 
lyzes a reaction between Glut.Cyst., ATP, and hydroxylamine with the 
production of a hydroxamic acid, presumably glutamyleysteiny! hydrox- 
amate, a result which has been taken to mean that it is the carboxy! group 
in the cysteine moiety of Glut.Cyst. which is activated in the second stage 
of GSH synthesis (2). Since Glut.Cyst. synthetase fails to catalyze an 
analogous reaction, it would appear, contrary to expectations, that an 
activation of the y-carboxyl group of glutamic acid may not be part of the 
mechanism by which Glut.Cyst. is synthesized. 

Comparison of the two enzymes which are concerned with the synthesis 
of GSH shows one further notable difference in properties. Potassium 
ion markedly enhances the action of GSH synthetase (3) but is without 
effect on the reaction catalyzed by Glut.Cyst. synthetase (Table IT). 


SUMMARY 


An enzyme from hog liver that catalyzes the synthesis of y-glutamy!l- 
cysteine from glutamic acid and cysteine has been partially purified. 
The formation of the dipeptide is dependent upon the presence of Mg** 
ion and ATP. In the course of the reaction, orthophosphate is released 
from ATP in stoichiometric amounts. 


BIBLIOGRAPHY 
1. Snoke, J. E., and Bloch, K., J. Biol. Chem., 199, 407 (1952). 
2. Snoke, J. k., Yanari, S., and Bloch, K., J. Biol. Chem., 201, 573 (1953). 
3. Snoke, J. E., J. Am. Chem. Soc., 76, 4872 (1953). 
4. Webster, G. C., Plant Physiol., 28, 728 (1953). 
5. Johnston, R. B., and Bloch, K., J. Biol. Chem., 188, 221 (1951). 
6. Gomori, G., J. Lab. and Clin. Med., 27, 955 (1942). 
7. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 169, 21 (1945). 
8. Hanes, C.8., Hird, F. J. R., and Isherwood, F. A., Nature, 166, 288 (1950). 
9. Speck, J. F., J. Biol. Chem., 179, 1405 (1949). 


— 


f 
il 
n 

| 
| 

it 

li; 
th 
ce 
ac 

| 
6. 
is¢ 
SU 
A 

| the 
ine 


ed. 


ed 


BIOCHEMISTRY OF MYOGLOBIN 
HOMOGENEITY STUDIES WITH CRYSTALLINE BEEF MYOGLOBIN* 


By U. J. LEWIS anno B.S. SCHWEIGERT 


(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, and the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, September 7, 1954) 


The electrophoretic inhomogeneity of crystalline horse myoglobin was 
first observed by Theorell and Ehrenberg (1). Repeated recrystallization 
failed to eliminate the accompanying material and homogeneous myoglobin 
could only be achieved by the use of preparative electrophoresis. Theorell 
and de Duve (2) also noticed a colored substance in preparationssof human 
myoglobin which could be separated from the myoglobin by electrophore- 
sis, but the material was not studied further. While studying the acid 
cleavage of hemoproteins, crystalline horse myoglobin was found to behave 
as if it were a mixture of three substances (3); more recently, it was found 
that at pII 8 three colored components could be detected electrophoreti- 
cally in samples of crystalline horse myoglobin.' These three components 
appear to be the three substances detected during acid cleavage of myo- 
globin. These studies have now been extended to beef myoglobin in which 
it has been found that this myoglobin is also inhomogeneous when crystal- 
lized by salting out with ammonium sulfate. 


EXPERIMENTAL 


Preparation of Myoglobin —The isolation procedure used was similar to 
that of Roche et al. (4). However, a brief outline of the fractionation pro- 
cedure will be presented in order to indicate modifications of their method. 
This method differs from Theorell’s original procedure (5) in that the lead 
acetate step was eliminated. 

Defatted beef skeletal muscle was frozen in dry ice and pulverized. 
This material was extracted twice with an equal weight of water at pH 
6.7. The pH was maintained at this value during the remainder of the 
isolation. All procedures were carried out at 5° + 3°. Solid ammonium 
sulfate was added to 85 per cent saturation and the precipitate discarded. 
A crude myoglobin precipitate was then obtained by completely saturating 
the remaining solution with ammonium sulfate. The precipitate was dis- 


* Journal Paper No. 103, American Meat Institute Foundation. 
' Unpublished experiments by U. J. Lewis done in collaboration with H. Theorell 
and A. Akeson, Stockholm, Sweden. 
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solved in water to give a myoglobin concentration of approximately 20 
mg. per ml. and solid ammonium sulfate was added to 80 per cent satura- 
tion. A saturated solution of ammonium sulfate was then added drop- 
wise to the point of incipient cloudiness. If after standing 12 hours the 
precipitate was amorphous, it was removed and dropwise addition of 
ammonium sulfate solution was continued until another precipitate formed. 
This process was repeated until crystalline material was obtained. Usu- 
ally three or four amorphous precipitates formed before the myoglobin 
crystallized. The amorphous material contained a colorless protein to- 
gether with some myoglobin. Finally the myoglobin, now in the met- 
myoglobin form, was twice recrystallized from ammonium sulfate. Photo- 


Fic. 1. (a), crystals of beef metmyoglobin (x 440) produced by slow erystalliza- 
tion (2 days) from (NH4).SO, solution; (6), the pattern (X 960) obtained when crys- 
tallization was rapid (8 hours). 


micrographs of the crystals are shown in Fig. 1. Slow crystallization 
(2 days) produced plates, while needles formed if the process was rapid 
(8 hours). To our knowledge only the former pattern has been reported 
(4,6). The iron content was 0.32 per cent, which is in agreement with the 
value arrived at by Bowen (7) in his thorough study of horse myoglobin. 

Horse myoglobin was prepared by the above method from horse skeletal 
muscle. Crystallization was much simpler, since the colorless protein that 
interfered with the crystallization of beef myoglobin was not encountered. 
The iron content was 0.32 per cent. 

Crystallization of pork myoglobin was attempted, but accompanying 
proteins could not be separated by the ammonium sulfate procedure. At 
least four other proteins precipitated with the myoglobin in the ammonium 
sulfate saturation range of 85 to 100 per cent. The contaminating proteins 
were detected by electrophoresis. 

Electrophoretic and Ultracentrifugal Analyses—Electrophoresis was car- 
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ried out with a Pearson instrument. Photographs were obtained by the 
Longsworth scanning method with infra-red sensitive film, a red filter, and 
a tungsten lamp light source. Phosphate buffer, pH 8, ['/2 = 0.1, and a 
migration time of 180 minutes at 20 ma. were employed in all the experi- 
ments. Mobilities were calculated from the descending boundaries and 
were corrected to 0°. 

Paper electrophoresis was performed at 5° with Munktell No. 20 paper. 
Veronal buffer, pH 8.6, [/2 = 0.05, was found to give the best results. 

Sedimentation studies were carried out with a Spinco model FE analytical 
ultracentrifuge. Phosphate buffer, pH 8, ['/2 = 0.1, together with 1 per 
cent NaCl, was used in all experiments. The myoglobin and hemoglobin 
samples were run with a rotor speed of 59,780 r.p.m. The sedimentation 
constants were corrected to a water basis at 20°. 


Fic. 2. Tracings of electrophoretic patterns of (a) beef myoglobin, (6) horse myo- 
globin, and (¢) a mixture of beef myoglobin and hemoglobin. A schlieren photo- 
graph of the starting boundary is shown for each sample. Ascending boundaries 
are pictured after 180 minutes of migration at 20 ma. 


Acid Cleavage Curves—The acid cleavage procedure involves spectro- 
photometric determination of the amount of hemin cleaved after addition 
of a definite amount of myoglobin of known pH to acetone. The time 
elapsing from the addition of acid to the reading of the optical density was 
(i minutes. The amount of hemin cleaved was calculated from the optical 
density readings and these values were plotted against the pH of the solu- 
tion. This method has been described previously (3). 


RESULTS AND DISCUSSION 


Electrophoretic Inhomogeneity—Two distinct components were detected 
electrophoretically in the crystalline beef myoglobin preparation (Fig. 2, a). 
With the phosphate buffer used the mobility of the main myoglobin 
boundary was —1.4 em.? sec. volt~', while the accompanying sub- 
stance (designated Substance A), which amounted to 15 to 20 per cent of 
the protein in the mixture, migrated with a mobility of —2 K 10-5 em? 
sec. volt“. The electrophoretic mobilities are summarized in Table I. 
Numerous recrystallizations did not remove this faster migrating sub- 
stance. A very small peak (less than 1 per cent) could be seen approxi- 
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mately half an hour after the current was turned on, but at the end of 
the experiment (3 hours) the peak had flattened out to such an extent that 
it did not appear on the photographic plate. The mobility of this small 
component (designated Substance B) was estimated roughly to be —2.6 X 
10-° em. sec. volt-!. This substance corresponds to the third com- 
ponent noted in crystalline horse myoglobin preparations (3). An electro- 
phoretic diagram of horse myoglobin is shown in Fig. 2, b for comparison. 
The relative concentrations of Substances A and B were greater in the horse 
hemoprotein sample, and also the degree of separation of the components 
was greater in horse myoglobin than in beef myoglobin. Theorell’s origi- 


TABLE 
Sedimentation Constants and Electrophoretic Mobilities of Hemoglobin and 
Myoglobin Samples 


Pipe unit cm.? per sec. per volt 

Myoglobin preparation. . 1.78 —1.4 
80% myoglobin and 20% hemoglobin 1.79 
50% rT 50% 1.81 


* Phosphate buffer, pH 8, '/2 = 0.1, plus 1 per cent NaCl. 
t Phosphate buffer, pH 8, r/2 = 0.1. 


nal procedure, which makes use of lead acetate for removal of extraneous 
proteinaceous material, failed to eliminate the faster migrating substances. 

Crystalline myoglobin was isolated from four completely different 
samples of beef skeletal muscle and in all preparations Substance A was 
present. The concentration of Substance A in these samples fell within 
the range of 15 to 20 per cent of the protein in the crystalline material. 


This variation may be similar to the apparently normal variation of myo- — 


globin in beef which was reported in Paper I of this series (8). 


Properties of Substance A—It is believed that Substance A is not an arti- : 
fact produced by denaturation of the myoglobin, since the isolation pro-— 
cedure was kept as mild as possible. The temperature never exceeded — 
5° + 3°, nor did the pH vary more than 0.5 unit from neutrality before it” 


was readjusted to pH 6.7 and only ammonium sulfate fractionation was 
employed. 


A sample of Substance A was obtained for spectrophotometric study by | 


subjecting a 2 per cent solution of the myoglobin preparation to electro- 


I 
y 
a 
pe 
he 
se 
n 
pl 
in 
bo 
TI 
on 
we 
wa 
len 
we 


U. J. LEWIS AND B. S. SCHWEIGERT 651 


phoresis for 10 hours. At the end of that time Substance A had completely 
separated from the main myoglobin boundary and a portion of this faster 
migrating material was removed from the cell. This sample of course was 
mixed with some of Substance B which was present in such low concen- 
tration that it could not be seen in the electrophoretic diagram. The light 
absorption spectrum of Substance A, together with the associated small 
contamination from Substance B, was very similar to that of metmyoglobin. 
When treated with pyridine, NaOH, and reducing agent, the reduced 
pyridine hemochromogen spectrum characteristic of hemin was formed. 
Substance A, therefore, behaves as if it were a hemoprotein. From acid 
cleavage data (see below) the heme-protein linkages appear to be different 
in Substance A and myoglobin. 

The physiological significance of Substance A, such as its réle as a re- 
spiratory pigment or enzyme, could not be determined because of the lack 
of sufficient quantity of the substance. Further study of the chemical 
and physiological nature of the compound will help elucidate its function 
relative to other cell constituents. 

Attempts were made to obtain larger quantities of Substance A by 
means of paper and starch electrophoresis. Myoglobin and hemoglobin 
could be easily separated, but the best resolution of Substance A and myo- 
globin that could be obtained was the formation of a doublet zone. 

The possibility that Substance A might be hemoglobin which had not 
been completely removed during fractionation was considered. This was 
found not to be the case, however. Crystalline, electrophoretically homo- 
geneous beef oxyhemoglobin was prepared (9), converted to methemoglobin, 
and added to a portion of the myoglobin preparation. The concentration 
of Substance A or B did not increase, while, in fact, the hemoglobin ap- 
peared as a third slower moving peak (Fig. 2, c). The mobility of the 
hemoglobin alone or in the presence of myoglobin was —1.1 X 10-> em.? 
sec! volt“, which is considerably less than any of the myoglobin compo- 
nents (Table I). 

Ultracentrifugal Studies with Crystalline M yoglobin—The crystalline beef 
myoglobin was subjected to ultracentrifugal analysis and, although electro- 
phoretically inhomogeneous, the preparation exhibited only one peak dur- 
ing sedimentation (Fig. 3, a). The sedimentation constant, so, for the 
boundary was 1.78 S (S = 10-8 em. per second per unit field of force). 
The sedimentation constants are summarized in Table I. The presence of 
only one peak indicated that either Substance A was of similar molecular 
weight (assuming similar molecular shape) or that an association complex 
was formed with the myoglobin which prevented resolution. This prob- 
lem has not been resolved, but some interesting data on protein association 
were obtained while attempting to arrive at an answer. 
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Since Substance A appeared to be a hemoprotein, it was of importance 
to determine the degree of separation of hemoglobin and myoglobin in the 
ultracentrifuge. The sedimentation constant of hemoglobin in the buffer 
system used was first determined and was found to be 4.3 5 (Fig. 3, d). 
Then a mixture of 20 per cent hemoglobin and 80 per cent myoglobin (total 
protein concentration was 5 mg. per ml.) was subjected to ultracentrifugal 
analysis. Only one boundary with a sedimentation constant of 1.79 S was 


Fic. 3. Velocity sedimentation photographs of (a) beef myoglobin, (6) a mixture 
of SO per cent myoglobin and 20 per cent hemoglobin, (¢c) a mixture of 50 per cent 
each of myoglobin and hemoglobin, and (d) beef hemoglobin. (a), (b), and (c) taken 
128 minutes after attaining maximal rotor speed; (d) after 96 minutes. 


apparent (Fig. 3, b). A solution which contained equal amounts of hemo- 
globin and myoglobin (total protein concentration was again 5 mg. per ml.) 
was also tested. Again, only one boundary was noted (Fig. 3, c). The 
Soo Value was 1.81 8. Although two peaks were not found, it can be seen 
that the sedimentation boundary of hemoglobin or myoglobin alone is 
much sharper and less diffuse than the boundary of a mixture of the two 
substances. 

It is apparent that, even with a sedimentation constant difference of 
over 2, myoglobin and hemoglobin cannot be separated by velocity sedi- 
mentation in the buffer system employed in these studies. By calculation 
it was found that, under the conditions used, the two materials should have 
separated by a distance of nearly 0.6 em. on the photographic plate. 


| 
| 
| 
| 
| | 
| | | | | 
| 
| | | 
nl 
a 
st 
va 
me 
mi 
ti 
ela 
to 
| 
«tthe 
por 


U. J. LEWIS AND B. S. SCHWEIGERT 653 


Therefore, it cannot be assumed that Substance A has a molecular weight 
similar to that of myoglobin. These results again point out the fact that 
ultracentrifugal homogeneity alone cannot be considered sufficient evidence 
for assumption of complete homogeneity. The work of Longsworth (10) 
with ovalbumin has clearly demonstrated this. Ovalbumin was homo- 
geneous by ultracentrifugation, but more than one component was de- 
tected by electrophoresis. 

It was surprising to find that the sedimentation constants for the mixtures 
of hemoglobin and myoglobin were very near the value obtained with the 
myoglobin preparation alone (Table 1). The presence of myoglobin defi- 
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Fig. 4. Acid cleavage of beef metmyoglobin and the logarithmic plot of the data 


nitely prevented the hemoglobin from sedimenting at its normal rate. If 
an association complex were assumed to be formed, it is difficult to under- 
stand why the mixture of half myoglobin and half hemoglobin sedimented 
at a rate nearer to the value for myoglobin rather than to some intermediate 
value. Although it is only speculation, the data could be interpreted to 
mean that the hemoglobin dissociated into 4.units of equal size when 
mixed with myoglobin. Since the molecular weight of hemoglobin is 4 
times that of myoglobin, the units would have a molecular weight very 
close to that of myoglobin and, therefore, would sediment at a rate similar 
to myoglobin. 

Acid Cleavage of Myoglobin—The beef myoglobin was cleaved with 
HCl at an ionic strength of 0.04 (Fig. 4). Approximately 80 per cent of 
the hemin was cleaved between pH 4.5 and 4.0. The remaining iron 
porphyrin was removed by acidifying to pH 2.6. A definite break in the 
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curve at pH 4.0 was obtained. The break at pH 4.0 is more easily seen 
if the expression log ((concentration at pH 2) — (concentration at pH 2x))/ 
((concentration at pH x2) — (concentration at pH 7)) is plotted against 
pH (Fig. 4). The concentration at pH 2 and that at pH 7 are the con- 
centrations of the hemin in acetone at complete and zero splitting, respec- 
tively. The concentration at pH 2 is the concentration of hemin at any 
point along the curve. From experiments with horse myoglobin and other 
hemoproteins (3) this indicates the presence of two components. There- 
fore, the results from the acid cleavage of beef myoglobin are in agreement 
with the electrophoretic homogeneity data. 

The light absorption spectra of samples of the hemin cleaved at pH 4.3 
and 2.5 were determined and both agreed with the spectrum of crystalline 
hemin. This indicates that the two components in the myoglobin prep- 
aration possess heme as a prosthetic group. The break in the curve can 
be interpreted to mean that the hemin of Substance A is more difficult to 


remove by acid cleavage and, therefore, the heme-protein linkages in this | 


compound are different from those of myoglobin. 


SUMMARY 


Crystalline beef myoglobin isolated by ammonium sulfate fractionation 
was found to be electrophoretically inhomogeneous. The accompanying 
materials have been designated as Substances A and B. Substance A is 
present to an extent of 15 to 20 per cent, while Substance B amounts to 


less than 1 per cent of the protein mixture. Neither lead acetate fractiona- _ 
tion nor repeated recrystallization from ammonium sulfate removed Sub- | 


stances A and B. 
Substance A possessed a light absorption spectrum similar to that of 


metmyoglobin and, when treated with pyridine and reducing agent, ex- 
hibited the reduced pyridine hemochromogen spectrum characteristic of 


hemin. This behavior is typical of a hemoprotein. Nothing is known of — 


the chemical behavior of Substance B. Substances A and B were shown ; 


not to be hemoglobin. 


Ultracentrifugal analysis of the myoglobin preparation indicated only — 
one component. However, no conclusions could be drawn as to the mo- — 


lecular weight of udebenone A and B, since mixtures of hemoglobin and | 
myoglobin could not be resolved by ultracentrifugation. 


We wish to thank Dr. F. W. Putnam of the Department of Biochemistry, 
University of Chicago, for use of the electrophoresis apparatus and ultra- 
centrifuge. We also wish to acknowledge the assistance of Mr. H. Goldfine 
in the preparation of the pork myoglobin. 
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SIGNIFICANCE OF FERROUS ION AND ASCORBIC ACID IN 
THE OPERATION OF THE TRICARBOXYLIC 
ACID CYCLE* 


By YOSHIRO TAKEDA anp MASARU HARA 


(From the Department of Nutrition, School of Medicine, and the Research Institute 
for Microbial Diseases, Osaka University, Osaka, Japan) 


(Received for publication, October 7, 1954) 


In 1950, Suda and Takeda (1) found that homogentisicase, an enzyme 
responsible for the rupture of the benzene ring of homogentisic acid, from 
rabbit liver requires ferrous ion as a cofactor and hence is strongly inhibited 
by a,a’-dipyridyl. These findings have been confirmed with rat liver prep- 
arations (2-4). 

In a succeeding paper (5), it was observed that homogentisicase activity 
of livers from both a ,a’-dipyridyl-injected and ascorbic acid-deficient guinea 
pigs was markedly lower than that of the control animals and that the 
lowered activity could be restored by subsequent addition of ferrous ion 
in vitro. Later, Takeda (6) showed that homogentisicase, which had been 
inactivated by removing ferrous ion, could be reactivated by the addition 
of ferritin and ascorbic acid. The effect of ascorbic acid was explained by 
the reduction of the ferric ion of ferritin to the ferrous state and the transfer 
of the ferrous ion to the homogentisicase. From these observations, it was 
suggested that ascorbic acid might play an important réle in vivo in the 
mobilization of iron (6, 7). 

On the other hand, Dickman and Cloutier (8, 9) reported that aconitase 
could be both stabilized and activated by the addition of ferrous ion and 
reducing agents such as ascorbic acid or cysteine, and effectively inhibited 
by a,a’-dipyridyl and o-phenanthroline. Thus they suggested that ferrous 
ion acted as a cofactor in the system. Recently Morrison (10, 11) re- 
examined and confirmed their observations. Further work by Dickman 
and Speyer (12) verified the intramitochondrial existence of active acon- 


On the basis of the observations with homogentisicase, one would expect 
a decrease in aconitase activity in liver following ,a’-dipyridyl treatment 
_ or ascorbic acid depletion. Consequently it is possible to assume that in 
— such animals the operation of the tricarboxylic acid cycle will not proceed 
smoothly, and as a result carbohydrate or fatty acid metabolism will be 
disturbed, producing ketosis. 


* This work was supported in part by the Research Fund for Science of the De- 
- partment of Education of Japan. 
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The work reported here was undertaken in order to verify the above 
supposition zm vivo and in vitro. 


EXPERIMENTAL 


Young female guinea pigs weighing 300 to 350 gm. were used throughout. 
The control animals were allowed to consume ad libitum the scorbutic diet 
made from bean curd waste and wheat bran. They also received intra- 
peritoneal injection of a vitamin mixture consisting of 2 mg. of thiamine, 
0.05 mg. of riboflavin, 0.05 mg. of pyridoxine, 4 mg. of niacin, 1 mg. of folic 
acid, and 10 mg. of ascorbic acid per day. 

a,a’-Dipyridyl-injected guinea pigs were fed as above and received 
intraperitoneally 5 mg. per 100 gm. per 24 hours of a,a’-dipyridyl in addi- 
tion to the vitamin mixture. 

Ascorbic acid-deficient guinea pigs were produced by feeding the scor- 
butic diet mentioned above with the supplement of the vitamin mixture 
from which ascorbic acid had been omitted. The guinea pigs developed 
definite scurvy in about 3 weeks, as was evidenced by soreness of the joints 
and extensive hemorrhage in the fascia of the musculature, particularly of 
the legs. 

All the animals were placed in metabolism cages and 24 hour urine 
samples were collected under toluene. A ketotic state was produced by 
giving 1 ml. per 100 gm. per 24 hours of a 25 per cent solution of sodium 
butyrate (pH 7.0) by stomach tube in three divided doses. Citric and 
malic acids, both used as a solution of the sodium salt at pH 7.0, were 
administered simultaneously and isomolecularly with the sodium butyrate 
in the same volume. 

Isolation of Liver Mitochondria—Mitochondria of guinea pig liver were 
isolated in 0.25 m sucrose by the procedure of Schneider and Hogeboom 
(13). After being fasted 12 to 24 hours, the animals were killed by de- 
capitation and exsanguinated. The removed livers were weighed, chilled 
in cracked ice, cut into small pieces with scissors, and homogenized in 9 
volumes of cold 0.25 m sucrose in an all-glass Potter-Elvehjem homogenizer. 
Nuclei and débris were removed by centrifugation at 600 * g for 10 min- 
utes. The sediment was resuspended in 0.25 mM sucrose and recentrifuged 
at the same speed. The mitochondria were sedimented from the com- 
bined supernatant fluids by centrifugation at 8500 x g for 10 minutes, 
and washed once with cold 0.25 m sucrose. After resedimentation, the 
loose fluffy layer above the mitochondria was swirled off. The mito- 
chondria were then taken up for use in cold 0.25 m sucrose. 

Determination of Activity of Liver Mitochondria—The mitochondria pre- 
pared from 5 gm. of liver were suspended in 6 ml. of 0.25 M sucrose. Citric 
acid was used as the substrate and the oxygen consumption was measured 
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manometrically at 38° with oxygen as the gaseous phase. The incubation 
mixture routinely consisted of the following: 33 umoles of citrate, 82 umoles 
of nicotinamide, 18 ymoles of MnCl., 10 wmoles of adenosine triphosphate, 
0.122 umole of cytochrome c, 0.42 umole of triphosphopyridine nucleotide, 
20 pmoles of phosphate buffer, pH 7.4, and the mitochondrial suspension, 
ina volume of 1 ml. The volume of the reaction mixture was 3 ml., and 
0.2 ml. of 20 per cent KOH was used in the center well. 

To avoid the inactivation of various mitochondrial enzymes in the 
absence of the substrate, the components of the reaction were introduced 
into manometer vessels at 0°, the gas space was quickly filled with oxygen, 
and the vessels were equilibrated by shaking in a 38° bath. The taps 
were closed at the end of 5 minutes and the oxygen uptake recorded for 30 
minutes. The oxygen uptake was corrected to include the equilibration 
period on the basis of the rate recorded during the first 5 minutes (14). 
The activity (Qo,) was expressed as oxygen uptake in microliters per mg. 
of dry weight per 1 hour (corrected for controls without substrate). 

Determination of Aconitase Activity—The mitochondria isolated from 5 
gm. of liver were suspended in 15 ml. of cold distilled water, followed by 
freezing and thawing three times to destroy the mitochondrial membrane 
and the pH adjusted to 7.3 (12). This suspension contained approxi- 
mately 6 mg. of tissue (dry weight) per ml. 

Experiments were carried out anaerobically in evacuated Thunberg 
tubes at 30°. The reaction was begun by tipping in 1.0 ml. of a solution 
containing 20 umoles of cis-aconitate (pH 7.3) from the side arm. After 
10 minutes in the bath, the reaction was stopped by the addition of 0.5 
ml. of 50 per cent trichloroacetic acid. After mixing and cooling in the 
refrigerator, the solutions were centrifuged and a suitable aliquot was 
taken for citric acid analysis. The enzyme activity was expressed as an 
amount of citric acid formed per 100 mg. of dry weight in 10 minutes. 

Analytical Procedures—Citriec acid was determined by the method of 
Lardy (15). The color density was measured in a Coleman spectropho- 
tometer at 420 mu. 

Total urine ketones, expressed as acetone, were estimated by a modifi- 
cation of the method of Behre (16, 17). Glucose and other interfering 
substances were removed by precipitation with copper sulfate and calcium 
hydroxide (18). The absorption was measured in a Coleman spectropho- 
tometer at 528 mu. 


Results 


Urinary Excretion of Ketone Bodies in a,a'-Dipyridyl-Injected Guinea 
Pigs and Effect of Citrate and Malate upon Ketosis—Beatty and West (19) 
reported that urinary ketone body excretion increased in the rat fed butyr- 
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ate, and that the ketonuria was counteracted by the administration of 
substances related to the tricarboxylic acid cycle. Takeda et al. (7) also 
observed the same phenomenon in guinea pigs. 

The control guinea pigs fed butyrate showed a remarkable increase of 
urinary ketone body excretion from almost zero in the absence of butyrate 
to an average of 5.2 mg. in a 24 hour period, and the addition of the tri- 
carboxylic acid cycle intermediates, such as citrate or malate, caused a 
significant decrease of the ketone body excretion to less than 1 mg. per 24 
hours. The a,a’-dipyridyl-treated animals likewise showed ketonuria 


Control (8) 
aa'-Dipyridyl injected (7) 


qT 


On 
T 


Urine in 24 hr Period (mg) 


Total Ketone Bodies Excreted in 


Days 


Fig. 1. Effect of citrate on urinary excretion of ketone bodies in a,a’-dipyridy]- ; 
The num- | 


injected guinea pigs. The arrows indicate the administration of citrate. 
bers in parentheses represent the number of animals used. 


upon the administration of butyrate, but, in contrast, citrate or malate 
had only a small effect in abolishing the ketonuria. Typical results are 
shown in Figs. 1 and 2. 


Urinary Excretion of Citric Acid in a,a'-Dipyridyl-Injected Guinea Pigs — 


—The administration of a,a’-dipyridyl abolished the effect of the tricar- 
boxylic acid cycle intermediates in reducing ketonuria. If the work in 
vitro on aconitase is applicable to the intact animal, the action of a,a’- 
dipyridyl might be explained in terms of a reduction in citrate oxidation. 
It was, therefore, of interest to observe the urinary citric acid excretion in 
the a,a’-dipyridyl-treated animals. 

As shown in Table I, the control guinea pigs excreted an average of 3.4 
mg. of citric acid over 24 hours which was not greatly affected by the 
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addition of butyrate plus citrate or malate. a@,a’-Dipyridyl-injected ani- 
mals excreted an average of 5.1 mg. per 24 hours of citric acid, a value not 
significantly different from that of the control animals. However, the 
supplement of butyrate markedly increased the citric acid excretion to 
20.7 + 7.2 mg. per 24 hours and, moreover, the simultaneous administra- 
tion of citrate or malate with butyrate increased the excretion of citric 
acid to 47.6 + 16.5 mg. and 44.2 + 11.1 mg., respectively. 


[J] Control (8) 


£ aa'-Dipyridy! injected (8) 

esl 

BSH 


Days 
Fig. 2. effect of malate on urinary excretion of ketone bodies in a,a’-dipyridyl- 
injected guinea pigs. The arrows indicate the administration of malate. The num- 
bers in parentheses represent the number of animals used. 


These results suggest that the major effect of a ,a’-dipyridyl is the block- 
ing of the tricarboxylic acid cycle at the stage of citric acid, probably by 
inhibition of aconitase. 

Urinary Excretion of Ketone Bodies and Citric Acid in Ascorbic Acid- 
Deficient Guinea Pigs—It was suggested that ascorbic acid depletion might 
cause a decline of the ferrous ion concentration in vivo which would sub- 
sequently decrease the aconitase activity in liver. If this were the case, 
one would expect in such animals an increase in urinary excretion of ketone 
bodies and citric acid, following the administration of butyrate plus citrate 
or malate. 

Experiments were carried out with two groups of ascorbic acid-deficient 
animals consisting of six guinea pigs each, to which citrate and malate 
were administered, respectively, together with butyrate. Typical results 
are given in Fig. 3. Urinary excretion of both ketone bodies and citric 
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acid markedly increased following the administration of butyrate plus 
citrate or malate. The increases in citric acid excretion paralleled those 
of the ketone body excretion. 

Inhibition of Citrate Oxidation of Liver Mitochondria by a,a’-Dipyridyl— 
The inhibitory action of a@,a’-dipyridyl on the aconitase of rat liver mito- 
chondria has been already shown (12). The addition of this compound to 
liver mitochondria from normal guinea pigs revealed 37 and 86 per cent 


TABLE I 
Urinary Excretion of Citric Acid in a,a’-Dipyridyl-Injected Guinea Pigs 
Citric acid excreted in the urine of guinea pigs given 1 ml. per 100 gm. per 24 
hours of a 25 per cent neutralized butyric acid solution simultaneously with the test 
solutions listed. In a,a’-dipyridyl-injected animals, the test solutions were sup- 
plemented after 4 days treatment. The values are given in mg. 


Citric acid excreted in urine in 24 hr. period Averages 
Control 
No supplement 2.5; 16) 4.5) 3.5) 5.6); 2.6 | 3.44 1.5% 
Butyrate + citrate 5.8 | 8.4 11.4 | 4.0; 7.3 65.1 | 7.02 2.7 
as + malate 16.0 7.8 2.4 5.2) 90 65 78+ 4.6 
a,a’-Dipvridyl-injected 
No supplement 7.0 6.0 | 42 | 3.6 2.0 | 8.0 | 5.14 2.3 
Butvrate 27.0 24.0 | 21.0 25.1, 7.0 | 20.2, 200.72 7.2 
" + citrate 30.0 72.1 36.2 61.5 36.5 49.0 47.6 + 16.5 
3 + malate 30.0 51.2 43.2 | 35.0 | 55.3 50.2 44.2 + 11.1 


* Standard deviation. 


inhibitions in citrate oxidation at the final concentrations of 3.3 x 10-4 
and 1 & 10-* respectively (Table IT). 

Comparison of Activities of Liver Mitochondria from Normal, a,a’-Di- 
pyridyl-Injected, and Ascorbic Acid-Deficient Guinea Pigs—From the above 
experiments in vivo, it becomes more plausible that a,a’-dipyridy] treat- 
ment and ascorbic acid deficiency may cause a decrease in aconitase activ- 
ity without affecting the condensing enzyme. Further experiments with 
mitochondrial preparations were performed to confirm this view. 

The experimental animals were sacrificed after 5 days of consecutive 
injections of a,a’-dipyridyl or 21 days of ascorbic acid depletion. As can 
be seen from Table III, mitochondria from normal animals showed an 
average Qo, value of 5.1 in the presence of citrate, while those from a ,a’- 
dipyridyl-treated and ascorbic acid-deficient subjects displayed a marked 
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decrease in Qo, to an average value of 0.8 and 0.5, respectively, under the 
same experimental conditions. 

The effect of the time of depletion of ascorbic acid on citrate oxidation 
was also studied. The results are reported in Table IV. After 5 days 
deficiency it was decreased by 70 per cent with an average Qo, value of 
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Fic. 3. Urinary excretion of ketone bodies and citrie acid in aseorbie acid-de- 
ficient guinea pigs. A, normal guinea pigs fed butyrate plus malate; @, ascorbic 
acid-deficient guinea pigs given butyrate plus citrate; O, ascorbie acid-deficient 
guinea pigs fed butyrate plus malate. The administration of the test substances 
was started at the time indicated by the arrow and continued for 7 days. The figures 
on the abscissa represent the number of times guinea pigs were on the scorbutic 
diet. 


1.4. After that, the rate of citrate oxidation decreased progressively with 
vitamin depletion to a Qo, value of 0.4 after 20 days deficiency. 

From these results, it is concluded that the mitochondrial enzyme sys- 
tems of guinea pigs involved in the metabolism of citrate are extremely 
sensitive to ascorbic acid deficiency. 

Effect of Ferrous Ion and Ascorbic Acid on Citrate Oxidation of Liver 
Mitochondria from a,a’-Dipyridyl-Injected and Ascorbic Acid-Deficient 
Guinea Pigs—If the lowered activity of liver mitochondria from such ani- 
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mals is due to a decrease in ferrous ion concentration of the liver, it would 
be expected that the addition of ferrous ion or ascorbic acid might restore 
the reduced activity. 


II 
Inhibition of Citrate Oxidation of Liver Mitochondria by a,a’-Dipyridyl 
a,a’-Dipyridyl was added at the final concentrations of 3.3 K 10-4 mM and 1 X 10°% 
M, respectively, in a volume of 0.2 ml. Otherwise, the conditions were as described 
in the text. 


Experiment | | Vo." Inhibition 
| per cent 
Without @,a’-dipyridy] 4.4 
With a,a’-dipyridyl, 33 37 
Without @,a’-dipyridy! 5.2 | 
With a,a’-dipyridyl, 1 X mt 0.6 86 


* The values are expressed as oxygen uptake in microliters per mg. of dry weight 
per 1 hour (corrected for control without substrate). 
t Final concentration. 


TaBLe III 


Citrate Oxidation with Liver Mitochondria Isolated from Normal, 
a,a’-Dipyridyl-Injected, and Ascorbic Acid-Deficient Guinea Pigs 


The conditions were as described in the text. 


Experiment No. 


| Normal | a,a’-Dipyridyl-injected | Ascorbic acid-deficient 
1 | 4.6 | 0.8 0.4 
2 | 5.9 | 0.8 0.5 
3 4 0 | 1.2 0.4 
4 | 4.9 0.6 0.8 
5 4.3 0.8 0.3 
6 6.9 | 1.0 0.4 
Averages......... 6141.10 | O8+402 | 0540.18 


* The values are expressed as oxygen uptake in microliters per mg. of dry weight 
per 1 hour (corrected for control without substrate). 


The results of such a test are shown in Table V. Contrary to expecta- 
tions, neither ferrous ion nor ascorbic acid significantly changed the oxygen 
uptake in the presence of citrate even at the high final concentration of 
2X M. 

The results obtained suggest the following possible explanations: (1) 
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Mitochondria may not be permeable to ferrous ion or ascorbic acid. (2) 
Both a ,a’-dipyridy! treatment and ascorbic acid depletion may bring about 


TaBLeE IV 


Changes in Rate of Citrate Oxidation with Liver Mitochondria during 
Development of Scurvy 


The conditions were as described in the text. 


| 


| 
1 day- 5 day 10 day- isday- | 20day- 25 day- 
| deficient | deficient deficient | deficient deficient | deficient 
1 4.8 1.5 0.6 0.4 0.4 0.2 
2 4.2 1.2 0.9 0.6 0.4 0.4 
3 4.7 1.6 1.0 0.5 0.5 0.4 
4 4.5 1.2 0.6 0.8 0.4 0.5 


Averages . 4.6 + 0.2714 + 0.210.8 + 0.210.6 + 0.170.4 + 0.060.4 + 0.13 


° The values are expressed as oxygen uptake i in microliters ps per mg. of dry weight 
per 1 hour (corrected for control without substrate). 


TABLE V 
Effect of Fe** and Ascorbic Acid on Citrate Oxidation in Liver Mitochondria 
from a,a’-Dipyridyl-Injected and Ascorbic Acid-Deficient Guinea Pigs 
The test substances were added at the final concentrations listed, in a volume of 
0.2 ml. Other experimental conditions were as 8 described i in | the text. 


Vo." 
| Ascorbic acid-deficient 

0.8 | 1.2 | 0.4 
Fe** (as FeSO,), 3.3 K 104 0.8 | 
wie? & 1.1 | 

.. 1.2 | 
Ascorbic acta 3 3 x 10-4 M. 0.8 | 
1 xX 10°3 0.8 1.8 | 

2x 10°% 0.8 | 0.9 


° ‘The values ¢ are © expressed as oxygen uptake in mieroliters per mg. of dry weight 
per 1 hour (corrected for control without substrate). 


an irreversible decline in the activities of mitochondrial enzymes as a 
whole, and hence the addition of ferrous ion or ascorbic acid is no longer 
effective. (3) a,a’-Dipyridyl may inhibit the mitochondrial enzymes re- 
lated to citrate oxidation, which require metallic ions other than ferrous 
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ion as a cofactor. However, such inhibitions by this compound have not 
been observed so far. 

Aconitase Activity of Liver Mitochondria from a ,a’-Dipyridyl-Injected and 
Ascorbic Acid-Deficient Guinea Pigs—To avoid a permeability effect, fur- 
ther experiments were carried out with disintegrated mitochondria. 


Aconitase activity of such preparations from @,a’-dipyridyl-treated guinea | 


pigs was approximately 50 per cent below the normal value (Table V1). 
The addition of ferrous ion effectively increased the depressed activity. 


VI 


Aconitase Activity of Liver Mitochondria from a,a’-Dipyridyl-Injected 
Guinea Pigs* and Effect of Ferrous Ion and Ascorbic Acid 

The amounts of added substances were as follows: enzyme solution, 1.0 ml.; 
tris(hydroxymethy])aminomethane buffer (pH 7.3), 20 ywmoles; cis-aconitate, 20 
pmoles; and water to make 3.5 ml. 10 wmoles of Fe** (as FeSO,) and ascorbie acid 
(neutralized) were added as indicated. Water was substituted for cis-aconitate in 
control tubes. The tubes were incubated at 30° for 10 minutes anaerobically. 
The values are given in micromoles. 


Citric acid formed 


Addition Normal | a,a’-Dipyridy injected 
cis-Aconitate omitted 0 Pe 0 0 
- added 4.4 | 69.4 2.2 33.4 
+ Fett 5.6 «89.5 (128) 4.1 62.1 (186) 
+ ascorbic acid 4.6 73.0 (105) 2.6 39.4 (118) 
+ Fe** + ascorbic acid 5.8 92.0 (132) 5.1 77.6 (233) 


* The animals were sacrificed after 5 days of consecutive injections of a,a’ -di- 
pyridyl. 
t Activation (per cent) in parentheses. 


A maximal activation was obtained by supplementing with both ferrous — 


ion and ascorbic acid, while ascorbic acid alone was only slightly effective. 
In the preparations from normal animals, the addition of ferrous ion or 
ferrous ion plus ascorbic acid caused a small but definite activation of liver 
aconitase (Table VI). This may be due to a partial loss of the cofactor, 
ferrous ion, from the enzyme during the course of preparation. 

As in the case of a,a’-dipyridyl treatment, there is a distinct decrease 
in aconitase activity of liver during the development of scurvy. The re- 
sults are given in Table VIT. The activity was reduced to 70 per cent of 
the normal value after 5 days depletion and dropped sharply to 33. per 
cent after 10 days deficiency. Thereafter it decreased progressively with 
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vitamin depletion to 20 per cent after 25 days deficiency. The addition 
of ferrous ion or ferrous ion plus ascorbic acid counteracted the lowering of 
activity, and furthermore the degree of activation was increased gradu- 
ally with the time of development of scurvy. However, it should be noted 
that, even though ferrous ion plus ascorbic acid increased the activity, it is 
still far below the normal value after 25 days depletion. 


Taste VII 
Changes in Aconitase Activity of Liver Mitochondria during Development 
of Scurvy and Activation by Fe** and Ascorbic Acid 
The conditions were as described in the text and in Table VI. The values were 
expressed as an amount of citric acid formed per 100 mg. of dry weight per 10 min- 
utes; the values are given in micromoles. 


Citric acid formed 


Days deticient 


No addition + Fe** | + ascorbic acid + ascorbic acid + Fett 

Normal 69.4 89.5 (128)* 73.0 (105) 92.0 (132) 
72.6 | 83.5 (115) 77.5 (107) | 88.5 (122) 

5) 52.1 60.5 (116) 59.1 (113) | 71.2 (136) 
418.5 75.6 (156) 56.2 (115) 95.0 (196) 

10 25.9 31.4 (125) 26.4 (104) | 45.9 (177) 
21.5 3L.4 (146) 28.1 (131) | 44.6 (208) 

15 22.4 34.9 (156) 29.0 (129) 45.0 (200) 
20.0 27.5 (138) 25.0 (125) 36.6 (183) 

20 17.8 33.4 (188) 21.6 (116) 43.2 (242) 
16.5 32.1 (195) 20.6 (125) 41.1 (249) 

) 12.8 26.4 (206) 15.3 (115) 32.4 (252) 
15.1 30.3 (201) 21.5 (134) 42.4 (281) 


* Activation (per cent) in parentheses. 


DISCUSSION 


From the present studies it is clear that, when guinea pigs are made 
ron-deficient by a,a’-dipyridy] treatment,' or ascorbic acid-deficient, there 
is a marked decrease in the activity of the mitochondrial enzyme systems 
in liver. 

Although there are many reports on enzymes influenced by ascorbic 
acid, little is known about its effect on respiratory enzymes. Phillips, 
Stare, and Elvehjem (20) have reported a decreased indophenol oxidase 
activity of the liver in both fluorosis and scurvy. According to Harrer 

' It was observed that the administration of a,a’-dipyridyl caused a severe anemia 


in rabbits (personal communication from Dr. N. Senda, Osaka University, School 
of Medicine, Osaka, Japan). 
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and King (21), cytochrome oxidase showed a moderate decrease in activity 
in ascorbic acid-deficient heart and skeletal muscle tissue of guinea pigs. 
The importance of ascorbic acid as a means of protecting sulfhydryl groups 
of enzymes is well accepted (cf. (22)). Harrer and King (21) have reported 
that, in heart and skeletal muscle of guinea pigs, succinic dehydrogenase, 
well established as an SH enzyme (23, 24), diminished significantly in its 
activity upon ascorbic acid depletion. In our laboratory, a 20 per cent 
lowering of succinic dehydrogenase activity of liver mitochondria was ob- 
served in guinea pigs after 20 days on an ascorbic acid-deficient diet (25). 
The decreases are not as large as those obtained with aconitase. This 
worker (25) also showed that the dehydrogenase activity of mitochondrial 
preparations from livers of a,a’-dipyridyl-injected guinea pigs did not dif- 
fer from that of the normal animals. Therefore, it seems unlikely that, 
in liver mitochondria from a,a’-dipyridyl-treated and ascorbic acid-defi- 
cient guinea pigs, a decrease in succinic dehydrogenase activity is an in- 
trinsic limiting factor of the operation of the tricarboxylic acid cycle. 

In a,a’-dipyridyl-injected and ascorbic acid-deficient guinea pigs, the 
oxidation of butyrate beyond the condensation step of acetyl coenzyme A 


with oxalacetate appears not to proceed smoothly through the tricarbox- — 


ylic acid cycle, thereby leading to the accumulation of ketone bodies. This 
is supported by the observations that urinary citric acid excretion in such 
animals is significantly increased following the administration of butyrate, 
and that it is greatly increased by the simultaneous administration of 


malate or citrate with butyrate. Furthermore, it appears likely that — 


both a,a’-dipyridy! treatment and ascorbic acid depletion have little effect 
on the condensing enzyme. 

From the results of the previous and present experiments, it is likely 
that ascorbic acid plays a vital réle in the mobilization of iron in vivo. 
Ascorbic acid deficiency, as in the case of a,a’-dipyridyl treatment, pro- 
duces a marked decrease in aconitase activity of liver. This seems to be 
an intrinsic cause for the anomalous excretion of ketone bodies and citric 
acid in urine. 

The rate of decrease in aconitase activity of liver mitochondria parallels 
the development of scurvy. Although the degree of activation of aconi- 
tase by ferrous ion and ascorbic acid increases in inverse proportion to the 
decline in the enzyme activity, the enhanced activity remains approxi- 
mately 50 per cent below the normal value in the preparation from 25 day- 
deficient animals. This fact suggests that ascorbic acid depletion results 
in a quantitative decrease of the enzyme itself, 

From the evidence discussed above, one might make the following as- 
sumption: The primary lesion of ascorbic acid deficiency is in the mobiliza- 
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tion of ferrous ion, causing an inactivation of the enzymes which require 
ferrous ion as a cofactor, such as aconitase or homogentisicase. Secondly, 
the inactivation of aconitase induces a disturbance in the operation of the 
tricarboxylic acid cycle. This, accompanied by a decrease in the activi- 
ties of other enzymes such as SH enzymes, ete., in turn leads to many 
metabolic disorders. Thus synthetic reactions, including enzyme forma- 
tion, are also disturbed, resulting in a quantitative decline in mitochondrial 
enzymes as a whole. 

The permeability effect of the mitochondrial membrane on several sub- 
stances has been reported (26-28). In our studies, however, the data 
are insufficient to decide such an effect on ferrous ion and ascorbic acid. 


SUMMARY 


1. The administration of butyrate to guinea pigs increased urinary ke- 
tone body excretion. Citrate or malate was markedly effective in reduc- 
ing the ketonuria in the control guinea pigs, with only a small effect in 
a,a’-dipyridyl-injected animals. 

2. Urinary citric acid excretion in a,a’-dipyridyl-treated guinea pigs 
was increased remarkably following the administration of butyrate, and 
was greatly increased by the simultaneous supplement of citrate or malate 
with butyrate. The feeding of these acids had no effect on citric acid 
excretion in the control animals. 

3. In ascorbic acid-deficient guinea pigs, urinary excretion of both ke- 
tone bodies and citric acid markedly increased following the administration 
of butyrate plus citrate or malate. 

4. Mitochondrial preparations of livers from @,a’-dipyridyl-injected and 
ascorbic acid-deficient guinea pigs showed a marked decrease in citrate 
oxidation. 

5. Citrate oxidation of liver mitochondria decreased progressively with 
vitamin depletion. 

6. Aconitase activity of liver mitochondria from a ,a’-dipyridyl-injected 
guinea pigs decreased approximately 50 per cent below that from normal 
animals. The addition of ferrous ion and ascorbic acid restored the de- 
pressed activity. 

7. Aconitase activity of liver mitochondria was decreased during the 
development of scurvy. The addition of ferrous ion or ferrous ion plus 
ascorbic acid partially restored the lowered activity. 

8. The significance of ferrous ion and ascorbic acid in the operation of 
the tricarboxylic acid cycle is discussed. 
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RANDOMIZATION OF GLYCERIDE FATTY ACIDS DURING 
ABSORPTION FROM THE SMALL INTESTINE OF THE RAT 


By BENGT BORGSTROM 
(From the Department of Physiological Chemistry, University of Lund, Lund, Sweden) 


(Received for publication, November 5, 1954) 


It has been demonstrated recently that a partial exchange of glyceride 
fatty acids and free fatty acids takes place by the action of rat pancreatic 
lipase tn vitro and in vivo (1-3). This exchange which seems to take place 
largely at the 1,3 positions of the glycerides gives rise to a partial ran- 
domization of glyceride fatty acids during digestion in the lumen of the 
small intestine. 

As it is known that, in the rat, glycerides with long chain fatty acids 
are absorbed to 50 to 75 per cent as glycerides (4, 5), it was of interest to 
ascertain the extent of randomization that glyceride fatty acids undergo 
during hydrolysis and absorption. It was thought that such information, 
besides being of interest per se, might define the species of glyceride mole- 
cules which are absorbed from the intestine. In this investigation we have 
characterized the distribution of a labeled acid between free fatty acids 
and glyceride fatty acids during hydrolysis by rat pancreatic lipase zn 
vitro of labeled model glyceride mixtures. With these data in hand it 
became possible to define the distribution of a labeled fatty acid between 
the 1,3 and 2 positions of the glyceride from thoracic duct lymph of rats 
fed the labeled acid dissolved in triglyceride. 


EXPERIMENTAL 


Hydrolysis of Model Glyceride Mixtures in Vitro Containing Labeled Fatty 
Acids—Three different glyceride mixtures were used: (1) Olive oil contain- 
ing 0.2 per cent free palmitic-C"™ acid. (2) Triglyceride with decanoic-C™ 
acid in the 1,3 positions. The l-monoglyceride of decanoic-C™ acid was 
prepared from acetone-glycerol and the acid chloride according to standard 
procedures. Excess of the free labeled acid was removed from the mono- 
glyceride by passing the reaction mixture through a column of the ion 
exchanger IRA-400 (6,7). The monoglyceride was then treated with oley] 
chloride in excess and the triglyceride isolated by chromatography on a 
column of silicic acid (8). The labeled triglyceride was then mixed with 
unlabeled triolein so that the amount of decanoic acid in the triglyceride 
fatty acids was less than 1 per cent. (3) Triglyceride obtained by trans- 
esterification of olive oil with palmitie-C™ acid, with sulfuric acid as cata- 
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lyst (9). This procedure would be expected to result in a random dis- 
tribution of labeled palmitic acid in the olive oil triglyceride. 

These triglyceride mixtures were hydrolyzed by rat bile-pancreatic juice 
in vitro according to procedures previously described (3). About 150 mg. 
of each mixture were hydrolyzed with 5 ml. of rat bile-pancreatic juice to 


which was added 1 ml. of 0.1 N hydrochloric acid to bring the pH of the © 


mixture to about 6.4. With this proportion of substrate and enzyme 
about 65 per cent hydrolysis was obtained in 6 hours at 38° (calculated on 
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Hours 
Fic. 1. Specifie activities of glyceride fatty acids in per cent of specific activities 
of free fatty acids during hydrolysis in vitro by rat bile-pancreatic juice of (@) olive 
oil transesterified with palmitic-C"™ acid; (O) triglyceride with labeled decanoie acid 
in the 1,3 positions; (A) olive oil containing 0.2 per cent free palmitic-C™ acid. Tri- 
glyceride obtained from thoracic duct lymph of rats after feeding olive oil containing 
0.2 per cent free palmitic-C™ acid: §§, Experiment 1; @, Experiment 2. 


the amount of free fatty acids). The glycerides and free fatty acids of the 
incubation mixtures at different time intervals were isolated, and the spe- 
cific activity of their fatty acids was assayed as described earlier (3). The 
results of these experiments are presented in Fig. 1 in which the specific 
activities of the glyceride fatty acids are calculated in per cent of that of 
the free fatty acids at the respective time intervals. 

When attention is directed to the experiments in which the mixture of 
olive oil and free labeled palmitic acid was hydrolyzed, it is apparent that 
during the course of the hydrolysis free labeled acid has been incorporated 
into the glyceride. It is, however, also clear that the specific activity of 


| 


— 


— 


res 
act 
fac 
ch: 
aft 
lat 
scr 
tio 
lyz 
E- 
acl 
| ar 
dis 
tri 
cal 
ack 
col 
gly 
tha 
the 
nal 
act 
sho 
tak 
ide 
the 
exe 
the 
free 
per 
tho 
acic 
I 
was 


B. BORGSTROM 673 


the glyceride fatty acids only reaches 55 to 60 per cent of that of the cor- 
responding free fatty acids and remains at this level. This result is in 
accord with that obtained earlier (3) and has been shown to be due to the 
fact that only the fatty acids in the 1,3 positions of the glyceride are ex- 
changed with the free fatty acids and indicates that the glyceride mixture 
after an equilibration period contains a constant ratio of fatty acids in the 
1,3 and 2 positions. 

The course of the curve obtained when synthetic triglyceride containing 
labeled acids in the 1,3 positions was hydrolyzed was similar to that de- 
scribed above. This result is added confirmation of the above interpreta- 
tion. 

When olive oil transesterified with labeled free palmitic acid was hydro- 
lyzed by rat bile-pancreatic juice in vitro according to the same procedure, 
no differences were found in the specific activities of the glyceride fatty 
acids and the free fatty acids throughout the course of the reactian. Such 
a result would be predicted if the labeled fatty acid had been randomly 
distributed between the 1,3 and 2 positions of the glyceride. 

Hydrolysis of Labeled Triglyceride in Vitro from Rat Thoracic Duct Lymph 
—From the above results it is apparent that information about the dis- 
tribution of a labeled acid between the 1,3 and 2 positions in a triglyceride 
can be obtained by following the ratio of the specific activity of the fatty 
acids of the glyceride mixture to that of the free fatty acids during the 
course of hydrolysis by rat pancreatic juice in vitro. If the labeled fatty 
acid is predominantly in the 1,3 positions, the specific activity of the 
glyceride fatty acids during the course of the hydrolysis must be lower than 
that of the free fatty acids. If the labeled acid is randomly distributed in 
the triglyceride, the ratio of specific activities of glyceride and free fatty 
acids will remain at unity throughout the course of the hydrolysis. Fi- 
nally, if the labeled acid is in the 2 position of the glyceride, the specific 
activity of the glyceride fatty acids at the beginning of the hydrolysis 
should be higher than that of the free fatty acids, since initial hydrolysis 
takes place at the 1,3 positions preferentially. As more and more glycer- 
ide molecules are completely hydrolyzed, more and more labeled acid from 
the 2 position will be freed. Since free labeled acid is then available for 
exchange with fatty acids in the 1,3 positions of the remaining glyceride, 
the specific activity of the glyceride fatty acids in per cent of that of the 
free fatty acids will approach 100 asymptotically. In the following ex- 
periments the distribution of a labeled fatty acid in the triglycerides from 
thoracic duct lymph of rats has been studied after sett the free labeled 
acid dissolved in olive oil. 

In Experiment 1 olive oil containing 0.2 per cent free palmitic-C™ acid 
was fed to an unanesthetized rat from which thoracic duct lymph was 
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collected (10) for 24 hours. In Experiment 2 the lymph from five different 
animals fed the same mixture and treated in the same manner was pooled. 
The lymph lipides were extracted and the glycerides isolated by chro- 
matography with silicic acid, as described earlier (8). The two lots of 
lymph triglycerides were then hydrolyzed by rat bile-pancreatic juice in 
vitro, and the specific activities of the glyceride fatty acids and free fatty 
acids determined as in the above experiments with synthetic glyceride 
mixtures. 

The results shown in Fig. 1 indicate that the free labeled acid fed dis- 
solved in olive oil to rats is randomly distributed between the 1,3 and 2 
positions of the glyceride recovered from the lymph of the thoracic duct. 


DISCUSSION 


It has been shown that the exchange of free fatty acids and glyceride 
fatty acids during the hydrolysis of glycerides by rat pancreatic juice in 
vitro (1, 2) also takes place during digestion in the lumen of the small 
intestine of the rat (1, 3). From the results of the experiments in vitro it 
is apparent that this reaction is largely limited to an exchange of fatty 
acids in the 1,3 positions of the glyceride molecules. The finding in this 
investigation that a labeled fatty acid fed to rats as the free acid dissolved 
in olive oil is found randomly distributed between the 1,3 and 2 positions 
of the lymph glycerides indicates that the partial exchange of the glyceride 
fatty acids initiated in the lumen of the small intestine by the action of 
the pancreatic lipase is followed by complete randomization during the 
passage of glycerides through the cells of the intestinal mucosa. 

In another type of experiment Reiser et al. (5) provided results indicating 
that randomization of fatty acids between the glyceride molecules during 
absorption was not complete. They fed rats a mixture of equal parts of 
an unlabeled saturated triglyceride and a triglyceride synthesized from 
glycerol-C™ and conjugated linoleic acid. The glycerides recovered from 
the thoracic duct lymph were subjected to fractionation with alcohol- 
acetone at 5°, under which conditions triglycerides with two and three 
saturated fatty acids are relatively insoluble. When the soluble (unsatu- 
rated) and insoluble (saturated) glyceride fractions of the lymph glycerides 
were analyzed, it was found that the “‘saturated”’ fraction contained labeled 
glycerol to a lesser extent than the “unsaturated” fraction. Recombina- 
tion of free fatty acids with free labeled glycerol has been found not to take 
place to any significant extent during absorption (4, 5,11). The formation 
of “saturated’’ glycerides containing labeled glycerol was therefore inter- 
preted in the experiments of Reiser et al. (5) in terms of an obligatory 
absorption of glycerol-labeled monoglycerides, followed by resynthesis with 
free saturated acids in the intestinal mucosa. Since our data demonstrate 
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that free fatty acids liberated during hydrolysis exchange with glyceride 
fatty acids in the lumen of the small intestine (1, 2), it is apparent that 
Reiser’s ‘‘saturated”’ glycerol-labeled triglycerides could have been formed 
also from absorbed di- and triglycerides which had already exchanged part 
of their fatty acids in the lumen of the intestine. Therefore, data from 
this type of experiment cannot be used as unequivocal evidence for the 
species of glyceride absorbed, as has been done by Reiser et al. (5) and 
Reiser (12). 

The mechanism by which absorbed glyceride fatty acids are resynthe- 
sized during their passage through the intestinal cells is not known. How- 
ever, the recombination of triglycerides from fatty acids split off in the 
intestinal lumen can account, at least in part, for the randomization be- 
tween the 1,3 and 2 positions of the glyceride molecules, since it can be 
calculated from the results of Reiser et al. (5) and of Bernhard et al. (4) 
that from one-fourth to five-sixths of the glyceride fatty acids is split off 
during absorption. 


SUMMARY 


Free palmitic-C™ acid dissolved in olive oil and fed to rats has been 
found to be randomly distributed between the 1,3 and 2 positions of the 
glycerides recovered from the lymph of the thoracic duct. It is concluded 
that this randomization of glyceride fatty acids, started in the lumen of 
the small intestine by the action of the pancreatic lipase through partial 
hydrolysis and exchange, is completed during the passage of the intestinal 
mucosa to the lymph. 
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COMPOUNDS OTHER THAN THREONINE THAT AFFECT FAT 
DEPOSITION IN THE LIVERS OF RATS FED LOW PROTEIN 
DIETS* 


By D. A. BENTON, A. E. HARPER,f M. E. WINJE, anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, November 11, 1954) 


The level of fat in the livers of young rats fed a 9 per cent casein-su- 
crose diet containing choline and the other known lipotropic agents is mark- 
edly decreased when additional threonine (0.18 to 0.36 per cent) is in- 
cluded in the diet (1, 2). Harper et al. (3) also found that the deposition 
of liver fat was reduced when the low protein diet was supplemented with 
a high level (1 to 1.5 per cent) of glycine, serine, glycocyamine, betaine, 
or choline. The larger amounts of the latter compounds, however, were 
less effective than threonine. 

They also noted that glycine, choline, and betaine further reduced the 
level of liver fat in rats fed 9 per cent casein diets that contained additional 
threonine and that combinations of 1.5 per cent glycine with betaine, serine, 
or choline caused greater reductions than did 1.5 per cent glycine alone. 
The level of fat in the livers of animals fed a diet containing 2 per cent gly- 
cine was lower than that of a group receiving only 1.5 per cent glycine. <A 
mixture of ketogenic amino acids (1 per cent pi-leucine, 1 per cent DL- 
isoleucine, and 1 per cent L-tyrosine) was also found to reduce deposition 
of liver fat. 

Since the level of choline in the diet was already adequate and since liver 
fat deposition was not increased when the methionine normally added to 
the diet was replaced with cystine, it was assumed that neither choline 
nor the other supplements caused reductions in the level of liver fat by 
relieving a classical choline deficiency. 

The work reported here was undertaken in order to investigate further 
the effects of glycine and a number of related compounds on the deposition 
of fat in the livers of rats fed 9 per cent casein-sucrose diets. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by grants from The Gelatin 
Research Society of America, Inc., New York, and the Research Committee of the 
Graduate School] from funds supplied by the Wisconsin Alumni Research Foundation. 
We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of the 
crystalline vitamins, to the Abbott Laboratories, Chicago, for haliver oil, and to 
Wilson and Company, Inc., Chicago, for gelatin. 

7 Stephen Moulton Babcock Fellow. 
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Methods 


Male weanling rats of the Sprague-Dawley strain, weighing from 40 to — 


50 gm., were divided into similar groups of six animals each and were main- 
tained in individual cages with raised screen bottoms. The animals were 
fed ad libitum, and each animal was weighed weekly during the experi- 
mental period. 

The composition of the basal diet was as follows: sucrose 81.6, casein 
9.0, pt-methionine 0.3, pL-tryptophan 0.1, corn oil 5.0, Salts 4 (4) 4, and 
choline chloride 0.15 per cent. Vitamins were included to provide, in mg. 
per 100 gm. of ration, thiamine hydrochloride 0.5, riboflavin 0.5, niacin 
1.0, calcium pantothenate 2.0, pyridoxine 0.25, biotin 0.01, folic acid 0.02, 
vitamin By, 0.002, and inositol 10.0. 2 drops of halibut liver oil fortified 
with vitamins E and K (5) were administered orally each week. 


The supplements included in the various experimental diets replaced an | 


equal weight of sucrose. 
In Experiments 1 to 5 the animals were sacrificed at the end of 2 weeks. 


In Experiments 6 and 7 the rats were fed the basal diet for 2 weeks after | 


weaning. At the end of this period they were divided into similar groups | 
according to weight and were fed the diets specified in Figs. 1 and 2. Two © 
animals from the control group and five or six from the other groups were | 
sacrificed for the determination of liver fat at 2, 4, and 6 days after the © 


diets had been changed. 


The animals were killed by a blow on the head and ener The | 


livers were removed and stored at —4° until the fat determinations were 
run. Fat was determined by ether extraction of the dried and ground 
liver (6). 


Results 


The growth and liver fat results of Experiments 1 to 5 are presented in 
Table I. The identity of each experiment has been retained in order that 
each group may be compared with its own control. 

The results of Experiment 1 indicated that the reduction of liver fat 


caused by a mixture of ketogenic amino acids (1 per cent DL-leucine, 1 per | 


cent pDL-isoleucine, and | per cent L-tyrosine) which had previously been 
reported was caused by the leucine. In Experiment 2 a supplement. of 
0.3 per cent pL-leucine was not effective in reducing the level of liver fat, 
but 1 per cent pi-leucine did cause a slight reduction. In Experiment 3 
the level of liver fat of animals receiving 2.7 per cent DL-leucine was even 


lower than that of the group fed 1.5 per cent glycine, but the rate of gain | 


was also much less. Further work in this laboratory (7) has shown that 
isoleucine will counteract the growth-depressing effect of high levels of 
leucine, and, in Experiment 4, although a supplement of 0.5 per cent pL- 


mal 


Experi- 
ment 
No. 
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TABLE I 
Effect of Various Supplements on Liver Fat Deposition of Rats Fed Low Protein Diet* 
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Supplement 


Rate of gain 


Liver fat 


Dry weight 


Wet weight 


or 


* 


2.8% choline chloride 


| 1.5% glycine | 
1.0% benzoic acid | 


None 

0.36% pu-threonine 

1.0% .-tyrosine 

1.0% pvu-leucine 

1.0% pu-isoleucine 

1.0% benzoic acid 

pDL-threonine 


None 

0.75% glycine 
1.5% 
3.0% 


1.5% ammonium acetate 
1.5% sodium acetate 


1.5% formate 
0.3% pui-leucine 


1.0% pi-alanine 
1.0% pu-phenylalanine | 
None 

1.5% glycine 

3.0% u-glutamic acid 
2.7% puL-aspartic 

1.5% ammonium acetate 
2.0% pu-serine 

2.0% diammonium citrate 
2.7% pu-leucine 

1.8% pi-alanine 


None 

1.0% w-leucine 

1.0% 
isoleucine 

None 


+ 0.5% DL- | 


1.5% glycine + 1.0% ben- | 
zoie acid 


* The values represent the mean + the 
mals. 


gm. per wk. 


15.2 + 1 
19.3 


© 


standard error of the mean for 
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per cent 


28.9 + 
14.9 
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19.5 
11.7 
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isoleucine prevented the growth depression caused by 1 per cent L-leucine, 
a significant reduction in liver fat deposition still occurred. A comparison 
of Groups 29, 30, and 31 indicates that the growth depression from the 
high level of leucine did cause a slight decrease in the level of liver fat. 


In Experiment 2 glycine was fed at three levels, and with each increase — 


in the level of glycine a further reduction in liver fat deposition occurred. 
The level of liver fat of the group receiving the basal diet supplemented 
with 3 per cent glycine was within the range usually found in animals fed 
a complete diet. 

In Experiment 2 the various supplements were fed at arbitrary levels, 
while in Experiment 3 they were fed at levels equivalent to 1.5 per cent 


glycine on a molar basis. Glycine, sodium formate, leucine, aspartic acid, | 


glutamic acid, and choline each caused a reduction in liver fat deposition, 
while sodium acetate, alanine, and diammonium citrate were without 
effect. In Experiment 2 the supplement of 1.5 per cent of ammonium 


acetate caused a reduction in liver fat deposition, but in Experiment 3 when | 


a similar supplement was fed the reduction in liver fat was not significant. 
The slight reduction in liver fat deposition in the group that received phen- 
vlalanine may have been the result of the accompanying growth depression. 
Aspartic acid also caused a growth depression, which may have contributed 
to its effect on liver fat deposition. 

Since benzoic acid is known to be combined with glycine and excreted 


as hippuric acid, the effect of this compound on liver fat deposition was _ 
tested in Experiment 1. Benzoie acid, fed at a level of 1 per cent of the | 


diet, caused a reduction in the deposition of liver fat. It also caused a 
reduction when fed with 0.36 per cent pi-threonine. The reduction in liver 


fat deposition caused by feeding 1 per cent benzoic acid was of the same | 


magnitude as that produced by a supplement of 1.5 per cent glycine. It 


was impossible to study the effect of higher levels of benzoic acid, because ' 


larger supplements caused a depression in growth and in some cases death. 
In Experiment 5, when 1.5 per cent glycine was fed with 1 per cent benzoic 
acid, there was no effect on liver fat deposition, yet, when these supplements 
were fed separately in the same experiment, each caused a reduction in the 
level of liver fat. 

The results of Experiments 6 and 7, which were designed to study the 
rates at which the different supplements caused fat to be removed from the 


— 


liver, are presented in Figs. 1 and 2. In these experiments the animals — 


were fed the basal diet for 2 weeks before the supplements were added. | 
The reduction in the amount of liver fat which was caused by each supple- | 


ment was measured after 2, 4, and 6 days. 
In Experiment 6 (Fig. 1) the amount of fat in the livers of the rats re- 
ceiving the basal diet supplemented with threonine decreased gradually; 
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however, after 6 days the level of liver fat was still not so low as is usually 
found in rats fed this diet from the time of weaning. . At the end of 2 days 
' glycine had exerted its maximal effect, and no further decrease in the 
amount of fat in the liver occurred in the next 4 days. The level of liver 
fat of the group fed the basal diet supplemented with both threonine and 
glycine was lower than that of either of the other groups at each point. 


30 

> 

2 4 6 2 4 6 

DAYS DAYS 
Fig. 1 Fig. 2 
Fia. 1. Experiment 6, level of liver fat plotted against the time in days after the 


supplements were first included in the diets. The rats were fed the basal diet for 2 
weeks before they received the supplements. O, 0.36 per cent pui-threonine; @, 
- 1.5 per cent glycine; @, 0.36 per cent pL-threonine and 1.5 per cent glycine. Each 
point represents the average of five animals. The broken line represents the aver- 
age of six animals which were fed the basal diet. Two animals were killed at 2, 4, 
and 6 days. 

Fig. 2. Experiment 7, level of liver fat plotted against the time in days after the 
supplements were first included in the diets. The rats were fed the basal diet for 2 
weeks before they received the supplements. @, 1.5 per cent glycine; O, 3.0 per 
cent L-glutamic acid. Each point represents the average of six animals. The bro- 
ken line represents the average of six animals which were fed the basal diet. Two 
animals were killed at 2, 4, and 6 days. 


Therefore the effects of glycine and threonine appeared to be additive when 
they were fed together. Experiments with each of these groups have been 
repeated in two other tests which are not reported in Table I, and similar 
results were obtained. The rate of growth of the group receiving threonine 
alone was 4.0 gm. per day during the 6 day experimental period. The 
group receiving threonine and glycine grew 4.8 gm. per day, while the groups 
receiving the basal diet or the basal diet plus glycine grew only 2.5 gm. 


per day. 
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The effects of glycine and glutamic acid in equimolar amounts were com- 
pared in Experiment 7 (Fig. 2). The groups that received rations supple- 
mented with 1.5 per cent glycine or 3.0 per cent glutamic acid showed sim- 


ilar decreases in the level of liver fat in 2 days. Although in the group | 
receiving glycine there was a slight decrease in liver fat and in the group — 


receiving glutamic acid an increase at 4 and 6 days, the differences are of 
doubtful significance in view of the results with glycine presented in Fig. 
1. These groups grew at similar rates throughout the experimental period. 


DISCUSSION 


Previous work has shown glycine, serine, glycocyamine, betaine, choline, | 


and threonine to be effective in reducing the level of liver fat in rats receiv- 
ing the basal diet. The present work has added leucine, glutamic acid, 
aspartic acid, and benzoic acid to the list of effective compounds. Glycine, 


serine, betaine, glycocyamine, and choline are related by structure and | 


metabolism, but the five other compounds which have been found to be | 


active are not so closely related. 


Equimolar levels of glycine, serine, and glutamic acid caused reductions — 


of similar magnitude in liver fat, while an equivalent supplement of choline 
produced a greater response. Benzoic acid also was more active than gly- 
cine, since in animals receiving | per cent benzoic acid the level of liver fat 
was similar to that of animals receiving 1.5 per cent glycine, although this 
level of glycine is 2.4 times that of the benzoic acid on a molar basis. 


Among the compounds which had no apparent effect on liver fat depo- — 


sition were ammonium acetate, ammonium citrate, and urea. This elim- 
inates the possibility that the effective supplements owe their activity to 
the non-specific nitrogen they supply. 


If a lack of endogenous glycine causes fat to accumulate in the liver, the | 
addition of benzoic acid to the diet should increase the level of liver fat by | 


causing the excretion of glycine as hippuric acid. Since benzoic acid caused 


a decrease in liver fat deposition, the cause of the liver fat accumulation | 


cannot be the inability of the rat to synthesize sufficient glycine. 

The results of the curative trials, in which the maximal effect of glycine 
occurred more rapidly but was of lesser magnitude than that of threonine, 
together with the difference in the effective amounts of these two com- 
pounds both on a molar and on a weight basis, indicate that their modes 
of action are different. Because threonine is one of the essential amino 
acids limiting growth on the basal] diet, the slower rate found with threonine 
is consistent with the suggestion that threonine is needed for the synthesis 
of an enzyme (1, 2) or hormone involved in liver metabolism, since protein 
regeneration might well be relatively slow in rats receiving low protein 
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diets. Glycine, which is a non-essential amino acid, must cause the re- 
duction of liver fat by some rapid process which will circumvent the effect 
of the limiting protein. Since the rate and extent of liver fat removal 
caused by glutamic acid are similar to those caused by an equimolar amount 
of glycine, their modes of action may be similar. 

Artom (8) has studied fat oxidation in the livers of rats fed a low protein, 
choline-deficient diet. When 0.4 per cent choline was added to the diet, 
fat oxidation, as measured by isotopically labeled COz liberated by liver 
slices, homogenates, and preparations of liver mitochondria, was greatly 
enhanced. The injection of massive doses of choline shortly before the 
animals were killed caused an even greater increase in fatty acid oxidation. 
The livers of the animals which had received choline in the diet also showed 
marked increases in fatty acid oxidation when injections of choline were 
given shortly before the animals were killed. The addition of choline, be- 
taine aldehyde, betaine, or phosphorylcholine to the liver preparations did 
not increase fatty acid oxidation. A similar study of the compounds that 
have been found to affect the deposition of liver fat might help to explain 
their mode of action. Preliminary work in this laboratory indicates that 
a supplement of 3 per cent glycine to the basal diet does not cause an in- 
crease in the endogenous respiration of liver homogenate from the animals. 

Although the metabolic pathways of all of the compounds which are 
active in reducing liver fat are not completely known, it is of interest to 
note that glutamic acid can be converted into a-ketoglutaric acid, which is 
an intermediate in the tricarboxylic acid cycle. Large amounts of this 
acid produced in the liver from glutamic acid might increase the oxidation 
of fat by this system. Although glycine is not known to be converted di- 
rectly into a tricarboxylic acid cycle intermediate, aspartic acid, which 
vields oxalacetic acid, is also effective in reducing liver fat deposition. 


SUMMARY 


The effects of various supplements on the deposition of liver fat in rats 
fed a low protein diet containing choline and methionine were studied. 
Leucine, glutamic acid, aspartic acid, and benzoic acid were found to be 
effective in preventing excessive deposition of liver fat. 

Supplements of glycine, serine, and glutamic acid, equivalent to 1.5 per 
cent glycine on a molar basis, caused reductions in the level of liver fat 
which were of similar magnitude, while choline fed at a similar level was 
more effective. 

Dietary supplements of 1.5 per cent of glycine and 3.0 per cent of glu- 
tamie acid produced their maximal reduction of liver fat in 2 days, while 
the effect of 0.36 per cent of pi-threonine did not appear to be complete 
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even after 6 days. The effect of threonine on fat deposition in the liver 
was thus considered to be different from that of the other two compounds. 
Possible explanations for these differences are discussed. 


“1 
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ACTIVITY OF LIVER GLUTAMINASES IN 
VITAMIN B,-DEFICIENT RATS* 


By J. R. BEATON anv G. OZAWA 


(From the Department of Public Health Nutrition, University of Toronto, 
Toronto, Canada) 


(Received for publication, November 12, 1954) 


In this laboratory, a lowered level of plasma glutamine has been found 
consistently in rats deprived of vitamin Bs and given deoxypyridoxine 
(1-4), although not in rats simply deprived of vitamin Bg, for 20 days 
(5). Results following intraperitoneal administration of glutamic acid to 
vitamin Be-deficient rats suggested a decreased formation, or increased 
utilization, of glutamine (2). Since plasma glutamic acid was generally 
higher in vitamin Be-deficient rats than in pair-fed controls (1-4), renal 
phosphate-activated glutaminase I activities were investigated (6). After 
35 days of vitamin restriction, the renal glutaminase activity of vitamin 
B,-deficient rats was significantly lowered compared with pair-fed controls. 
With dietary provision of deoxypyridoxine this lowering was elicited after 
only 20 to 22 days of vitamin Bs deprivation. Further, when pyridoxal 
phosphate was added to the kidney homogenates of vitamin Be-deficient 
rats, renal phosphate-activated glutaminase activities were restored to 
normal (6). 

In rat liver two separate glutaminase enzymes have been demonstrated: 
glutaminase I (phosphate-activated) and glutaminase II (pyruvate-acti- 
vated). Glutaminase I occurs in numerous animal tissues, both normal 
and neoplastic (7, 8), whereas glutaminase II is apparently restricted to 
liver tissue and liver tumors (7, 9). In view of the above findings on 
glutamine and renal phosphate-activated glutaminase I in vitamin Be- 
deficient rats, it was felt advisable to investigate activities of liver gluta- 
minases I and II in deficient animals. The results of these investigations 
are reported in this communication. 


Methods 


Albino rats of the Wistar strain and of both sexes were employed. All 
animals were housed in individual, screen-bottomed cages, and drinking 
water was provided ad libitum. The 20 per cent casein, 20 per cent corn oil, 
vitamin Bg-free basal diet described previously (1) was fed. Vitamin Be, 
when supplied, was added to the food as pyridoxine hydrochloride at a 


* This study was made possible by a grant from the National Vitamin Foundation, 
Inc., for which the authors’ appreciation is expressed. 
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level of 50 y per rat per day. In all cases, pyridoxine-fed controls were 
pair-fed with their comparable vitamin Be-deprived groups to eliminate 
differences in experimental results due to differences in the amount of food 
consumed. Following the indicated period of experimental feeding, the 
animals were fasted for 20 hours and killed by stunning and decapitation. 
The livers were quickly removed, rinsed in saline, blotted, and an aliquot 
was weighed for determination of enzyme activity. 

The activity of phosphate-activated glutaminase I of liver tissue was 
estimated by a modification of the procedure of Archibald (10) as applied 
to renal tissue by White and Rolf (11). A 5 per cent liver homogenate was 
prepared in phosphate-cyanide buffer (pH 8.1) with a Potter homogenizing 
tube immersed in ice water. Each reaction tube contained 1 ml. of tissue 
homogenate, | ml. of L-glutamine (20.8 uymoles), and 2 ml. of 0.2 m phos- 
phate buffer, all at pH 8.1, the optimal pH for liver glutaminase I (12). 
For each rat a tissue blank was used containing | ml. of tissue homogenate, 
1 ml. of water, and 2 ml. of 0.2 m phosphate buffer. In each run blanks 
containing 1 ml. of phosphate-cyanide buffer, 2 ml. of 0.2 m phosphate 
buffer, and 1 ml. of water or glutamine were used to correct for non-enzy- 
matic hydrolysis of ghitamine during incubation and nesslerization. Incu- 
bation was carried out for 30 minutes at 37°. It might be thought that 
pyruvate-activated glutaminase II of liver tissue would interfere in this 
procedure. In this respect Errera (13) reported that cyanide inhibits pur- 
ified liver glutaminase II. In this laboratory it was found that addition of 
31.8 umoles of sodium pyruvate to the reaction mixture stimulated am- 
monia formation in this procedure when cyanide was absent. In the 
presence of cyanide in the buffer as described, ammonia in tissue blanks 
was decreased and no stimulation of ammonia formation was noted on 
addition of pyruvate to the reaction mixture. 

The activities of pyruvate-activated glutaminase II were estimated by 
the method described by Beaton (14) with a 4 per cent aqueous liver ex- 
tract. Adequate tissue controls were used for each rat as described in the 
method (14). Each reaction tube contained Veronal buffer (pH 7.7), 
31.8 wmoles of sodium pyruvate (pH 7.7), 40 mg. of tissue, and 20.4 ymoles 
of glutamine or water, incubated 2 hours at 37°. 

Pyridoxal phosphate was added to an aliquot of the homogenates of the 
livers of each animal in the manner described for renal glutaminase (6). 
The diammonium salt of pyridoxal-5-phosphate was obtained from the 
California Foundation for Biochemical Research and was added to an ali- 
quot of each homogenate at a level of 33 y per 100 mg. of tissue. Caleu- 
lated as pure pyridoxal phosphate, this level (20 y per 100 mg.) is approxi- 
mately 2 times that found effective for certain transaminase systems (15). 
Addition of pyridoxal phosphate to the aliquots of homogenates was made 
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1 hour prior to the assay of glutaminase I and II activities, and the ho- 
mogenates with and without added pyridoxal phosphate were stored in a 
cold room at 4°. Tissue blank corrections in the glutaminase assays were 
made for the addition of pyridoxal phosphate. 

In one experiment free glutamine levels were determined in kidney and 
liver tissue. Individual 5 per cent homogenates of these tissues were made 
in cold 5 per cent trichloroacetic acid with a Potter homogenizing tube 
immersed in ice water. The homogenates were filtered, and free glutamine 
was determined in aliquots of the filtrates by the colorimetric procedure of 
Prescott and Waelsch (16) as modified by Bessman ef al. (17). 

In all cases, a ¢ test was applied to ascertain the significance of differences 
between mean values of deprived and control animals. 


EXPERIMENTAL 


Activity of Liver Phosphate-Activated Glutaminase I in Vitamin B,-Defi- 
cient Rats—Eighteen rats were divided into two groups comparable with 
respect to number, sex distribution, and an initial average body weight of 
100 gm. One group was deprived of vitamin B,; the remaining group re- 
ceived pyridoxine and pair-fed with the deprived group. After 28 to 30 
days of experimental feeding the animals were fasted, killed, and phosphate- 
activated glutaminase I activities measured in liver homogenates with and 
without added pyridoxal phosphate. Since the number of animals which 
could be assayed in 1 day was a limiting factor, care was taken to select 
rats from each group and each sex each day of the 3 day period of analyses 
to prevent biasing of results. During the feeding period the average daily 
food intake of both groups was 13.0 gm. per rat, and average gains in body 
weight were 61 and 112 gm. for the deficient and control groups respec- 
tively. The results of glutaminase I assays are reported in Table I. 

Activity of Liver Pyruvate-Activated Glutaminase II in Vitamin Be-De- 
ficient Rats—FEighteen rats were divided into two groups comparable with 
respect to number, sex distribution, and an initial average body weight of 
107 gm. One group was deprived of vitamin B,; the remaining group was 
given pyridoxine and pair-fed with the deprived group. After 35 to 37 
days of experimental feeding, the animals were fasted, killed, and pyruvate- 
activated glutaminase IT activities measured in liver homogenates with and 
without added pyridoxal phosphate. Again, care was taken to select ani- 
mals of each sex from each group on each day of the 3 day period of analy- 
ses. In this experiment, free glutamine concentrations were estimated in 
both liver and kidney homogenates prepared in trichloroacetic acid. The 
average daily food consumption of both groups was 12.6 gm. per rat, and 
average body weight gains were 45 and 105 gm. for the deficient and con- 


— 


GSS VITAMIN Be AND LIVER GLUTAMINASES 


trol groups respectively. The results of glitaminase IT and free glutamine 
determinations are presented in Table II. 

Dialysis of Liver Extract and Glutaminase II Activity—Seven stock, chow- 
fed young rats were sacrificed by stunning and decapitation, and a 4 per 


TABLeE I 


Activity of Phosphate-Activated Glutaminase I of Liver Tissue from Vitamin 
Be-Deficient and Pair-Fed Control Rats (Nine Rats per Group) 


Liver glutaminase I activityt 


| Range | Mean + s.d. 
Deficient | | 32.7-46.8 | 42.94 5.3 
| + 9 .9-42.9 | 32.24 9.5 
Control | 21.1-41.3 | 31.6 + 6.8 
| + | 8.5-39.5 24.0 + 10.1 


added pyridoxal phosphate were stored at 4° for 1 hour prior to assay. 
t Expressed as micromoles of glutamine hydrolyzed by 100 mg. of liver tissue 
(dry weight) in 1 hour. 


II 


Activity of Pyruvate-Activated Glutaminase II of Liver Tissue and Free Glutamine 
Concentrations of Liver and Kidney Tissue from Vitamin Be-Deficient and 
Pair-Fed Control Rats (Nine Rats per Group) 


Liver glutaminase II activityt Free glutamine, mg. per 100 gm. 


| Pyridoxal _ 


| | Range | Mean + s.d. Liver Kidney 
Deficient - | 0 -3.79 | 1.19 + 1.87 | 150 433 | 76 + 17 
+ 0 -4.82 | 2.16 + 1.65 | 
Yontrol — 5.23-11.40 7.23 + 2.31 129 + 22 | 57 + 20 
| + 3.78-11.60 | 6.97 + 2.50 | : 


* 20 y per 100 mg. of liver tissue (wet weight). Homogenates with and without 
added pyridoxal phosphate were stored at 4° for 1 hour prior to assay. 

+t Expressed as micromoles of glutamine hydrolyzed by 100 mg. of liver tissue 
(dry weight) in 1 hour. 


cent aqueous extract of liver was prepared and dialyzed against cold 
running water at 14° for 4 hours. At the end of this time pyruvate-acti- 
vated glutaminase IT activity was measured in the dialysate and compared 
with the activity of an aliquot of the 4 per cent aqueous extract stored in a 
test-tube in cold running water at 14° for 4 hours. Pyridoxal phosphate 
was added to an aliquot of each dialysate at a level of 100 y per 40 mg. of 
tissue immediately prior to assay of activity. Dialysis of the liver extract 
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resulted in decreases of glutaminase II activity in all extracts, ranging 
from 30 to 100 per cent. On addition of pyridoxal phosphate to the di- 
alyzed extracts, erratic stimulation of glutaminase II activity resulted in 
five of the extracts, ranging from 30 to 92 per cent of the stored extract’s 
activity. In two of the dialyzed extracts, added pyridoxal phosphate was 
without effect. 


RESULTS AND DISCUSSION 


It should be emphasized that any differences between the deficient and 
control groups in each experiment cannot be attributed to differences in the 
amount of food consumed, since a paired feeding technique was employed. 
Further, 4 or 5 weeks of vitamin Bg restriction with the basal diet em- 
ployed here are adequate for demonstrating abnormalities in vivo and in 
vitro, including a lower transaminase activity (18). 

As shown in Table I, an elevation in phosphate-activated glutaminase I 
activity was evident in vitamin B,-deficient rats (¢ = 3.61; significant at 
the 1 per cent level). Addition of pyridoxal phosphate resulted in a 
lowering of this enzyme’s activity in both groups, significant at the 2 per 
cent level in vitamin B,-deficient homogenates (f = 2.79), but not signifi- 
cant in control homogenates owing to the large variation (¢ = 1.77). Ina 
second duplicate experiment, essentially the same results were obtained. 

As shown in Table II, vitamin Bg deficiency resulted in a lowering of 
liver pyruvate-activated glutaminase II activity (¢ = 6.43; significant at 
the 1 per cent level). Indeed, no activity could be detected in five of the 
nine livers studied from deficient rats. Under the conditions described, 
addition of pyridoxal phosphate to the liver extracts of vitamin B,-deficient 
rats resulted in an insignificant mean increase in glutaminase II activity. 
No stimulation of activity was noted in three of these liver extracts. 
Added pyridoxal phosphate was without effect on glutaminase II activities 
of control liver extracts. These findings suggest that pyridoxal phosphate 
has a relatively small effect on the activity of liver glutaminase IT under 
these conditions, although this effect may be more apparent in dialyzed 
liver extracts. Meister et al. (19-21) have recently demonstrated an 
a-keto acid-catalyzed glutamine- (or asparagine-) transamidase-deamidase 
system in rat liver. When a reaction system similar to that employed 
here was used for measuring liver glutaminase II activity, no alteration 
was found in the formation of ammonia from glutamine in vitamin B,- 
deficient rat livers (22). The experimental conditions of Meister et al. 
(22) differed considerably from those used here. Calculated on the same 
basis, pyruvate-activated glutaminase II activities reported by us are 
greater than those reported by Meister ef al. (22) and are comparable to 
activities found in chow-fed stock rats (14). Under our conditions glu- 
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taminase I activity in liver tissue of control rats was considerably greater 
than glutaminase II activity. 

Free glutamine concentrations of liver and kidney tissue (Table II) were 
higher in these tissues of vitamin Bg-deficient rats than in their pair-fed 
controls. However, variation was such that statistical significance of dif- 
ference between means was not attained. This finding suggests that the 
lowering in liver pyruvate-activated glutaminase II and in renal glu- 
taminase I activities (6) in vitamin Be-deficient rats is probably not an 
adaptation to a decrease in available substrate. 

In view of the numerous implications of vitamin Bes in amino acid me- 
tabolism, it is perhaps not surprising that vitamin Bs, appears to affect 
glutamine metabolism. The earlier reports of low levels of plasma glu- 
tamine (1-4) and lowered renal glutaminase I activity (6) and the present 
observations on liver glutaminase I and glutaminase II activities and tissue 
levels of free glutamine in vitamin B,-deficient rats indicate that vitamin 
Bs, may be involved in the metabolism of glutamine. 


SUMMARY 


Activities of phosphate-activated glutaminase I and pyruvate-activated 
glutaminase IT have been measured in livers of vitamin Be-deficient and 
pair-fed control rats. In vitamin Be-deficient rats, liver glutaminase | 
activity was significantly higher and liver glutaminase II activity was 
significantly lower than in pair-fed controls. Addition of pyridoxal phos- 
phate to liver extracts of vitamin Beg-deficient rats resulted in a restoration 
of only a very small part of the activity of glutaminase II. An erratic but 
relatively positive stimulation of glutaminase I] activity by added pyri- 
doxal phosphate was noted in dialyzed liver extracts. Data on liver and 
kidney free glutamine concentrations indicate that decreases in enzyme 
activities are probably not attributable to decreases in available substrate. 
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THE EFFICIENCY OF OXIDATIVE PHOSPHORYLATION 
IN MITOCHONDRIA FROM DIABETIC RATS* 
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(From the Department of Biochemistry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 
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Considerable evidence has accumulated which indicates that insulin 
plays an important réle in phosphate metabolism (1, 2). A number of 
workers have postulated that insulin has as its primary function the regula- 
tion of the efficiency of oxidative phosphorylation. In attempts to test 
this hypothesis, Goranson and Erulkar (3) observed that tissues from 
alloxan-diabetic rats appear to fix phosphate less efficiently than do those 
from normal animals, and Polis et al. (4) reported that insuliN added in 
vitro increases phosphate fixation in aged preparations from normal rats. 
When P:0O ratios' are computed from their data, however, it is revealed 
that the former workers (3) obtained ratios between 0.03 and 0.2 and the 
latter (4) between 0.2 and 1.6. Since presently attainable P:O ratios are 
2 to 100 times greater than these, the effects that were observed are difficult 
to interpret and have questionable relevance to the problem of insulin 
action. Judah and Williams-Ashman (5) were unable to detect significant 
alterations in P:O ratios when insulin was added in vitro to “‘eyclophorase”’ 
preparations from normal animals. 

Methods are now available for the isolation of mitochondria of high 
phosphorylating ability (6). By the use of such mitochondria from liver, 
the P:O ratios for certain one- and two-step oxidative reactions have been 
measured for both normal and alloxan-diabetic rats. No differences which 
could be ascribed to insulin deficiency were detected. 


EXPERIMENTAL 


Production of Alloxan Diabetes—AO mg. of freshly dissolved alloxan per 
kilo of body weight were injected intravenously into adult (175 to 200 gm.) 


* This investigation was supported in part by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council, and in part by a grant-in-aid from the Nutrition Foundation, Ine. 

t Postdoctoral Fellow of the American Cancer Society. Present address, Depart- 
ment of Pharmacology, University of Wisconsin Medical School, Madison, Wisconsin. 

t Predoctoral Fellow of the National Science Foundation. 

§ Present address, Department of Zoology, Dartmouth College, Hanover, New 
Hampshire. 

' Moles of inorganic phosphate removed from the medium divided by gm. atoms of 
oxygen consumed. 
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albino rats, following a 48 hour fast as recommended by Kass and Wais- 
bren (7). Studies were performed on two groups of animals; in the first 
series (“‘short term’’ diabetics), animals were sacrificed 6 to 10 days after 
alloxan injection, and in the second (“long term’’ diabetics) 3 weeks to 6 
months after treatment with alloxan. The development of diabetes was 
noted by the occurrence of glucosuria, polyuria, polyphagia, polydipsia, 
and weight loss. Bilateral cataracts developed in many of the animals. 
No rat was considered diabetic unless its fasting blood sugar concentration, 
determined by the Reinecke procedure (8), was greater than 250 mg. per 
cent. 

Determination of P:O Ratios—Rat liver mitochondria were prepared by 
a modification (9) of the procedure of Schneider (6). All other mano- 
metric and chemical procedures were essentially the same as those reported 
previously (10). In the “long term”’ diabetic series, the following minor 
modifications were instituted: Potassium phosphate and substrate addi- 
tions were increased to 50 and 30 uwmoles, respectively, 10 per cent trichloro- 
acetic acid was used for deproteinization, and an 8 minute period of thermal 
equilibration in the water baths was employed. In some cases in which the 
adenosine triphosphate (ATP)-creatine transphosphorylase system re- 
placed glucose-hexokinase as a means of trapping the high energy phos- 
phate (permitting higher concentrations of ATP to exist in the reaction 
mixture (9)), the following were added per vessel: 150 wmoles of creatine 
and 1 mg. of ATP-creatine transphosphorylase. 

The addition of 30 umoles of malonate to the reaction mixtures made 
possible the study of the following one- and two-step oxidations (10): 


(1) a-Ketoglutarate — succinate 
(2) Pyruvate — acetoacetate 
(3) Caprylate — acetoacetate 
(4) Glutamate — succinate 


The inability of liver to metabolize significant amounts of acetoacetate 
made possible the study of the following one-step oxidation: 


(5) 8-Hvydroxvbutvrate acetoacetate 


The oxidation of succinate was examined in the absence of the Krebs 
eycle inhibitors. 

Materials—The reagents used were as described previously (10). Gluca- 
gon-free insulin was generously donated by J. Lens, Organon Labora- 
tories, Oss, Netherlands. Amorphous insulin was obtained from the Lilly 
Research Laboratories. ATP-creatine transphosphorvlase was a highly 
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purified preparation from rabbit muscle made available by Dr. Kuby, Dr. 
Noda, and Dr. Lardy (11). Alloxan was purchased from the Eastman 
Kodak Company. 


Results 


“Short Term” Diabetic Mitochondria—Table I presents the results of 
experiments in which P:O ratios were compared, liver mitochondria be- 
ing used from normal rats and from rats which had received alloxan in- 
jections 6 to 10 days prior to sacrifice. Most of the animals were studied 
7 days after alloxan administration. While the average values are lower 
in the diabetic mitochondria with a-ketoglutarate and pyruvate as sub- 


TABLE I 
P:0O Ratios of Normal and “Short Term’? Diabetic Rat Liver Mitochondria 


No. of P:O of diabetic animals as 
Substrate animal P:O,* normals P:O,* diabetic per cent of P:O of paired 
pairs control animalst 
10 | 2.6 (2.1-2.9) | 2.0 (1.0-3.0) | 104, 99, 95, 76, 76, 72, 
71, 69, 51, 39 
a-Ketoglutarate..... 8 | 3.8 (3.3-4.1) | 3.1 (2.3-4.2) | 102, 98, 93, 91, 86, 77, 
68, 57 
Succinate........... 4 | 1.5 (1.2-1.6) | 1.6 (1.2-2.0) | 125, 117, 107, 92 


* P:O ratios are listed as average values, with the range of the P:O ratios indi- 
cated by the figures in parentheses. 

t In each experiment a diabetic and a control rat were studied simultaneously. 
The figures indicate the P:O ratios of the individual diabetic animals with their 
paired control animals. 


strates, no consistent alterations in the P:O ratios were observed among 
the individual animals. 

With the method of administering alloxan used in these experiments, 
usually one-third to one-half of the animals succumbed between the 3rd 
and 10th day after treatment. The administration of 4 units per day of 
protamine zinc insulin did not improve the percentage of survival. This 
suggested that damage to tissues other than the pancreas is severe during 
this time interval and is consistent with earlier reports of the severe ne- 
phrotoxic and mild hepatotoxic action of this compound in rats (12, 13). 
A number of workers have reported the irregular occurrence of histological 
evidence of mild degenerative changes in liver parenchymal cells in the 
Ist week after alloxan treatment (12-15). This raised the question 
whether the occasional lowering of P:O ratios which we observed with 
“short term’’ diabetics may have been due to a direct toxic effect of alloxan 
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TaBLeE II bi 
P:0 Ratios of Normal and ‘“‘Long Term’’ Diabetic Rat Liver Mitochondria al 
No. of P:0, ex 
Substrate Phosphate acceptor | Preparation lanimals |average | Range 
| 
Glucose Normal 7 2.4 2.0 -2.8 h 
Diabetic 7 | 21 | 1.7-2.4 th 
Creatine Normal 4 2.0 1.8 -2.2 de 
Diabetic § | 1.9 | 1.5 -2.2 wl 
a-Ketoglutarate ........ Glucose Normal 10 3.1 2.75-3.6 las 
Diabetic 7 3.3 3.1 -3.7 
| Diabetic 224 23-25 (4) 
*““Glucose”’ indicates the addition of glucose and hexokinase, and ‘‘creatine’’ the det 
addition of creatine and ATP-creatine transphosphorylase, as described in the text. ph 
sul 
TABLE III of 
Addition of Insulin in Vitro to Rat Liver Mitochondria* Wi 
Experi- | | ( 
Substrate Preparation Insulint’ P P:O fol] 
but 
7 y aloms nor 
1 a-Ketoglutarate Glucose Normal 7.40 5.5 3.2 
20 17.1 4.6 3.7 | 
2 | 21.2. 6.8 3.1 
“ “ “ 2019.0 5.6 | 3.4 
3 Diabetic 19.2; 5.9 | 3.3 met 
| 2 | 19.3 | 5.7 | 3.4 eau 
4 ve Creatine ee | 16.0 65 2.5 © 
mal 
« 200 | 16.5} 6.4 | 2.6 | 
5 Pyruvate | 12.3, 5.6 | 2.2 
200 | 12.5] 6.2 | 2.0 wit] 
V 
*«Tong term” diabetic animals were used in Experiments 3, 4, and 5. diat 
t ‘‘“Glucose’’ indicates the addition of glucose and hexokinase, and ‘‘creatine”’ tigh 
indicates the addition of creatine and ATP-creatine transphosphorylase, as described _ offer 
in the text. | : 
t Glucagon-free insulin (Experiments 1, 2, and 3), amorphous insulin (Experi- mite 
ments 4 and 5). such 
and 
on liver cells rather than to insulin deficiency.2. Bailey, Bailey, and Hagan | et a 
(15) have reported that, while mild fatty metamorphosis occurred in rab- | — phos 
2 In recent publications, M. U. Dianzani (16) has reported that mitochondria from In Ii 
fatty livers resulting from carbon tetrachloride or phosphorylated oil administration The 
display markedly lowered P:O ratios and Dury (17) observed chemical alterations, mixt 
including marked increases in the neutral fat content of livers, from rats which had kina: 
received alloxan injections from 4 to 72 hours prior to analysis. whic 
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bit liver in the first few days after alloxan treatment, no histological liver 
abnormalities could be detected after 2 to 5 months. Therefore, the 
examination of animals with long standing alloxan diabetes was indicated. 

“Long Term” Diabetic Mitochondria—The effects of long standing di- 
abetes (alloxan treatment from 3 weeks to 6 months prior to study) upon 
the P:O ratios of liver mitochondria are shown in Table II. No significant 
deviation from the ratios determined in normal rats was observed, either 
with the glucose-hexokinase or the creatine-ATP creatine transphosphory- 
lase system used as the phosphate trap. 

Addition of Insulin in Vitro—In view of the observations of Polis et al. 
(4) and Goranson and Erulkar (3) that insulin added in vitro increases the 
efficiency of oxidative phosphorylation, it was considered of interest to 
determine whether insulin could so affect preparations capable of high 
phosphorylative ability. As can be seen in Table III, the addition of in- 
sulin to normal or diabetic mitochondria caused no significant alteration 
of the P:O ratio. This is in agreement with the findings of Judah and 
Williams-Ashman (5) on preparations from normal animals. 

Other Substrates—In addition to the substrates described above, the 
following were examined in a limited number of experiments: 6-hydroxy- 
butyrate, caprylate, and glutamate. No appreciable differences between 
normal and diabetic liver mitochondria were observed. 


DISCUSSION 


Liver was chosen as the tissue for study in these experiments because its 
metabolism is profoundly influenced by the diabetic state, and also be- 
cause mitochondria may be isolated from this tissue in a readily reproducible 
manner and have been studied extensively in this laboratory (9, 10). The 
P:O ratios determined in these experiments are in satisfactory agreement 
with those reported earlier for normal animals (10). 

While these studies have failed to detect any impairment arising from 
diabetes in the metabolic machinery by which mitochondria carry out 
tightly coupled oxidative phosphorylation, they have not ruled out possible 
effects on oxidative phosphorylation resulting from the interaction of 
mitochondria with other intracellular components. The examination of 
such interactions is beset with many uncertainties at both the technical 
and interpretive levels. For example, it has been observed by Ashmore 
et al. (18) and independently in our laboratory (19) that the glucose-6- 
phosphatase activity of alloxan-diabetic rat livers is markedly increased. 
In liver this enzyme is found exclusively in the microsomal fraction (20). 
The inclusion of liver microsomes in a P:O ratio determination reaction 
mixture would cause the release of inorganic phosphate from the hexo- 
kinase-produced glucose-6-phosphate resulting in an apparent P:O ratio 
which is lower than the true value. This effect would be much greater 
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with diabetic than with normal liver microsomes and therefore an even 
lower apparent P:O ratio would be obtained. 


The authors wish to express their appreciation to Professor H. A. Lardy 
for advice and helpful criticism. 


SUMMARY 


1. P:O ratios for several substrates have been compared for normal and 
alloxan-diabetic rat liver mitochondria. 

2. With “short term” diabetic rats (6 to 10 days after alloxan), no con- 
sistent alterations in P:O ratios were observed, although the average ratios 
were lower than those of the control rats. The liver mitochondria from an 
occasional animal displayed a marked lowering of the P:O ratio. This 
was possibly the result, not of insulin deficiency, but of the irregularly oc- 
curring mild hepatotoxic action of alloxan. 


3. In long standing (3 weeks to 6 months) alloxan diabetes, no alteration 


in the efficiency of oxidative phosphorylation of liver mitochondria was 
detected. 


4, Addition of insulin zn vitro did not significantly affect the P:O ratios | 


of normal or diabetic rat liver mitochondria. 
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METABOLISM OF p-TRYPTOPHAN IN THE NORMAL 
HUMAN SUBJECT* 


By RALPH R. LANGNER anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City, Iowa) 


(Received for publication, October 25, 1954) 


About 10 years ago Albanese and Frankston reported that urines voided 
by normal human subjects who had been fed 1 and 2 gm. doses of p1-tryp- 
tophan showed very little greater output of tryptophan than did the urines 
of subjects fed L-tryptophan or unsupplemented normal diets (2, 3). They 
noted, however, that the former urines yielded a reddish purple precipitate 
when 0.1 N iodine solution was added to them (3), whereas urines excreted 
after the ingestion of L-tryptophan did not. They were unable to obtain 
the same precipitate with normal human urine to which they had added an 
unstated quantity of tryptophan (3), nor did any of the known tryptophan 
metabolites tested by them yield it. Hence they concluded that the red- 
dish purple pigment must have been produced from an excreted ‘aberrant 
metabolite” which had been formed from the p component of the p1L- 
tryptophan fed. From the nitrogen analysis and the partial absorption 
spectrum of the reddish purple precipitate they assumed that it was indigo 
red. 

In their assays of urinary tryptophan, Albanese and Frankston used their 
own adaptation of the Jolles reaction for indican (2). This method indi- 
cates enormously greater daily outputs of tryptophan (281 + 30 mg.) in 
normal urine (2) than do microbiological assays (4-8) or assays (9) based 
on the Shaw-McFarlane chemical procedure (10). In fact, the normal 
output indicated by this method approximates the 300 mg. of tryptophan 
found by Rose (11) to be entirely adequate for the maintenance of nitrogen 
balance in thirty-one adult subjects (male) and exceeds the 225 mg. per 
day found sufficient in fifteen by Baldwin and Berg (12). 

The p enantiomorph of tryptophan is known to support nitrogen balance 
in the human subject only very poorly, if at all (11-13). Therefore, un- 
less it is peculiarly susceptible to metabolic degradation, as Albanese and 
Frankston imply (3), it should be the more readily excreted isomer. There 
is some evidence in at least two reports that appreciably greater excretion 


* The data in this paper are taken largely from a dissertation submitted in August, 
1953, by Ralph R. Langner in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State University 
of lowa. The work was supported in part by a grant from the Nutrition Founda- 
tion, Inc. A summary of the study was presented before the American Society of 
Biological Chemists at Atlantic City, April 13, 1954 (1). 
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of tryptophan does occur when DL- (12, 14) or p-tryptophan (12) is fed than 
when L-tryptophan is administered. 

Chromatographic evidence outlined in this communication and assay by 
four chemical methods, including the Albanese-Frankston procedure, con- 
firm previous findings that the administration of moderate single doses of 
DL- or D-tryptophan does promote the excretion of a relatively large por- 
tion in the urine of the normal human adult. The excretion of p-kynure- 


nine and of traces of indolepyruvic acid and acetyltryptophan was also {| 
indicated. Formation of a reddish purple precipitate upon adding iodine | 


to these urines was readily confirmed. Spectrophotometric evidence indi- 
cated that, contrary to the findings of Albanese and Frankston, the same 
pigment can be produced from normal urine to which tryptophan is added 
and even from properly buffered solutions of tryptophan in water. The 
reddish purple precipitate can also be obtained by the addition of bromine. 


Spectrophotometric comparisons show that the pigment is not indigo red. | 


EXPERIMENTAL 
The p-tryptophan used in this study was prepared through resolution of 


the brucine salt of acetyl-p1-tryptophan! by the method of Shabica and — 
Tishler (15). The [a]5, ¢ = 0.5 gm. per 100 ml. of solution in water, was | 
+32.5 to +33.0° (16). The tryptophan was ingested at such a time as | 


to allow use of the urine immediately after the 24 hour collection period. 


The urines were preserved with thymol and hydrochloric acid (2) and | 


stored in the cold. 


The urorosein employed in the spectrophotometric comparisons was — 
prepared, as directed by Fearon and Boggust (17), from indolealdehyde | 
made by the method of Boyd and Robson (18). Except where otherwise © 
noted, the other compounds used in the chromatographic and spectro- 


photometric tests were from samples available from previous studies in 


the laboratory. 
Chromatographic Analysis of Urine —Following the ingestion of 1 gm. of 


p-tryptophan, the urine responded to the bromine water test for free tryp- — 
tophan and tasted sweet, as does p-tryptophan (19). Impure crystals of © 


p-tryptophan were separated by precipitation of an aliquot of the urine 


with mercuric sulfate, followed by decomposition and isolation in the usual — 
way. To obtain some indication as to what metabolites might also be | 


present, an analogously collected urine specimen was concentrated to 10 


to 20 ml. 7m vacuo (approximately 100-fold), and aliquots of 9.95 ul. were — 
transferred to strips of Whatman No. 1 filter paper for chromatographing | 


as directed by Mason and Berg (20). Ultraviolet light revealed a bright 


1 The acetyl-pL-tryptophan was kindly provided by The Dow Chemical Company 
of Midland, Michigan. 
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blue fluorescing spot (72, 0.37) identical in position, color, and shape with 
the spot produced simultaneously by the slower moving Dp component of 
pure pL-kynurenine (21). A second very weakly fluorescing spot (i, 0.48) 
and a faint tan fluorescing spot (fr 0.65) were also observed. Compara- 
tive tests indicated that the last was apparently indolepyruvic acid. With 
ninhydrin the Ry 0.48 spot responded strongly. On control chromato- 
grams tryptophan showed the same Fy value and the same color response. 
When several aliquots of urine were superimposed, the kynurenine spot 
obtained (2,» 0.37) also responded to ninhydrin, but overlapped the tryp- 
tophan spot. The ninhydrin color produced with the tryptophan darkened 
to a brownish purple, but that produced with kynurenine remained un- 
changed. Upon dipping analogous chromatograms into an alcoholic 
solution containing 0.5 per cent of p-dimethylaminobenzaldehyde and 5 
per cent of hydrochloric acid and drying with heat, essentially as directed 
by Tabone et al. (22), the tryptophan spot gave a strong purple coloration, 
and the kynurenine spot was yellow. <A faint purple spot was also observed 
at Ry 0.78. This coincides with the position noted for acetyltryptophan 
and suggests that some conjugation of tryptophan may have occurred. 
This spot did not respond to ninhydrin. The optical purity of the p- 
tryptophan ingested and the ready solubility of acetyltryptophan in the 
relatively large volume of 66 per cent alcohol used in recrystallizing the 
tryptophan seem to preclude the possibility that the acetyltryptophan 
could have had its origin in the diet. To judge from the chromatographic 
evidence, free tryptophan was the major excretory product. 

Reaction with Iodine and Bromine—When iodine (0.1 N in potassium 
iodide solution) was added to the urines collected after the ingestion of 
D- or DL-tryptophan, they yielded the reddish purple precipitate noted by 
Albanese and Frankston (3). The pH values of these urines were around 
5.6. The same purple-colored precipitate could be produced in normal 
urine having approximately this pH to which 30 mg. of pi-tryptophan had 
been added per 100 ml. Solutions of tryptophan in strongly acidic urines 
or in water gave a questionable response to iodine and usually yielded the 
brown-colored precipitates obtained by Albanese and Frankston and as- 
sumed by them to be diiodotryptophan (3). However, when the solution 
was first buffered and the iodine solution was then added slowly, the red- 
dish purple precipitate predominated. 

The conditions under which Albanese and Frankston (3) obtained their 
reddish purple precipitates seem to us to have been fortuitous. When the 
concentration of tryptophan is small, as in urines excreted after the in- 


gestion of 1 and 2 gm. of pt-tryptophan, iodine can be added rapidly with- 


out forming the tan-brown precipitate produced by similar addition when 
the concentration of tryptophan is greater. Apparently two reactions 
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take place. In the one tryptophan is oxidized to yield the purple precipi- 
tate, and in the other the tryptophan is iodinated to yield the tan-brown 
precipitate. A violet color similar to that produced in the familiar bromine 
water test was invariably obtained when the iodine solution was added 
dropwise to a buffered solution of tryptophan (pH between 4 and 6), and 
relatively large amounts of tryptophan could be converted completely to 
the purple precipitate when these precautions were observed. After all of 
the tryptophan is oxidized, the brown iodine color persists. In the oxida- 
tive process 1 equivalent of iodine is consumed per mole of tryptophan, as 
judged by thiosulfate titration (23). When the purple precipitates were 
washed with water and dried in vacuo at 60° to constant weight (3), they 
were found to be free of iodine. The tan-brown precipitates contained 


iodine. 


At the outset of these studies, bromine water was used routinely to 


determine qualitatively the presence of tryptophan in the urines excreted, 


and a tube set aside was observed to contain a precipitate strikingly similar | 
to that obtained with iodine. Bromine was found to react over a wide pH | 
range, but must also be added slowly to produce the reddish purple oxida- | 
tion product instead of halogenated tryptophan. The absorption curves | 


presented in Fig. 1 show the striking similarity of the purple precipitates 
obtained variously with iodine and with bromine. The absorption maxima 
are in the same region as that observed by Albanese and Frankston (3). 

Some support of the evidence pertaining to the reaction of iodine with 
tryptophan to produce a purple precipitate is found in a short note by 
Fearon and Boggust (17), who call the product tryptophan purple. Of 
the several indole derivatives tested by them and by us, only tryptophan 
and tryptamine respond. 


Comparison of Oxidation Product with Other Pigments—The purple pig- ; 
ment produced with iodine was assumed by Albanese (24) and Albanese — 


and Frankston (3) to be indigo red. A sample of synthetic indigo red was 
therefore procured for comparison,” along with indigo blue, indigo carmine, 
and urorosein. The indigo red contained a small amount of indigo blue, 
which was first removed by the use of an alumina adsorption column. The 
absorption curve for indigo red, thus purified, showed a peak around 530 


my in ethanol, and also secondary peaks around 285 and 245 my (see Fig. | 


2). The curves obtained for comparison on ethanol solutions of the red- 
dish purple precipitates with iodine had a single peak at 540 muy, with 
steadily and rapidly increasing absorption from 450 to 220 mu. The 
curves for indigo carmine and indigo blue were even more divergent than 
that for indigo red. The absorption curve for urorosein was markedly 
different. 


2 We are indebted to Dr. A. T. Peters of the Department of Colour Chemistry of 
Leeds University in England for so graciously providing us this sample. 
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Rimington et al. (25) have reported the isolation of indigo red from the 
urine of sprue patients who had been fed high protein diets. When their 
method of isolation was applied to the urine excreted by a normal subject 
after the ingestion of p- or pL-tryptophan, no red pigment was obtained. 

The synthetic indigo red provided us was insoluble in aqueous 10 per 
cent sodium hydroxide solution and soluble in chloroform. The dried 
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Fig. 1. Absorption curves of variously prepared reddish purple precipitates in 
acetone solution (10 mg. per 100 ml.). A, product obtained by the addition of iodine 
to normal urine to which 30 mg. of tryptophan had been added per 100 ml.; @, pre- 
cipitate obtained similarly by the addition of bromine; A, precipitation with iodine 
from urine excreted after the ingestion of 2 gm. of pL-tryptophan; O, product pre- 
pared from similar urine with bromine; 0, mixture of the four products listed above. 


reddish purple precipitate was soluble in 10 per cent sodium hydroxide 
solution, but relatively insoluble in chloroform. The reddish purple pre- 
cipitate decomposed fairly sharply on the Dennis melting point bar at 
166°, the brown iodinated product (diiodotryptophan) decomposed at 
204°, but the indigo red showed no decomposition at 300°. 

The reddish purple precipitate had three bands, a red, a blue, and a 
violet, when dissolved in ethanol and passed through an alumina adsorp- 
tion column. The three components could be separated by development 
with benzene, followed by a mixture of benzene and 95 per cent ethanol. 
Further characterization was not attempted. 
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Measurement of Tryptophan Output—The qualitative analyses described 
above leave little doubt that tryptophan itself is the chief indole derivative 
eliminated in the urine after the ingestion of DL- or p-tryptophan in the 
human subject and that it is the “aberrant metabolite” responsible for 
the production of the purple-red compound formed when iodine is added to 
the urine. Table I presents the quantitative estimation of added or ex- 
creted tryptophan by four chemical methods of analysis: (a) the Albanese- 
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MU 
Fic. 2. Absorption curves of indigo red (QO), indigo blue (@), indigo carmine 
(A), and urorosein (A) in ethyl alcohol. 


Frankston adaptation of the Jolles reaction for indican (2), (b) the Bates 


p-dimethylaminobenzaldehyde procedure (26), (c) the Eckert procedure of | 


diazotization and coupling with N-(1-naphthyl)ethylenediamine (27), and 
(d) the Shaw-McFarlane adaptation (10) of the Hopkins-Cole glyoxylic 
acid reaction. The analyses were made on acid solutions of mercuric 


sulfate precipitates which had been prepared as directed by Albanese and — 
Frankston from urines that had been extracted with ether and passed | 


through a column of Permutit. The Klett-Summerson photoelectric col- 
orimeter and the 540 my filter were used throughout. The tryptophan 
content was established by comparison of the readings with a standard 
eurve. In all but the procedure of Albanese and Frankston, plots of 
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known tryptophan concentrations against readings gave approximately 
straight lines. The standard curve obtained with the Albanese and Frank- 
ston procedure was similar to the one published by them (2), and the 0.23 
gm. per 24 hours found with their method in normal urine agrees well with 
their estimates of 226 to 336 mg. (2). The Bates, Eckert, and Shaw-Mc- 


TAaBLeE I 


Recovery of Added Tryptophan from Normal Urine and Apparent Excretion 
after Ingestion of v- or pu-Tryptophan As Judged by Colorimetric 


Assay 
Albanese-Frankston) Bates Eckert Shaw-McFarlane 
Tryptophan added to 
urine or ingested* R R 
Found Found (|Recovery, Found Found |Recovery 
gm. gm. per cent gm. per cent gm. per cent gm. per cent 
0 0.23 0.05 0.03 0.62 
0.5 0.53 60 0.45 80 | 0.52 98 0.54 104 
1.0 0.83 60 1.09 104 = 0.91 88 1.10 108 
1.5 1.05 | 55 1.59 | 103 | 1.47 | 96 | 1.45 | 97 
1.0 (pb) 0.51 51 0.45 45 0.72 72 
2.0 (dD) 0.50 25 0.68 34 1.00 50 1.05 53 
4.0 (DL) 0.59 15 0.83 21 1.06 27 1.32 33 


* In the first column, 0 represents a control 24 hour urine sample excreted by a 
subject fed an average unsupplemented diet. The figures 0.5, 1.0, and 1.5 represent 
additions of tryptophan (per 2 liters of urine) made to aliquots of a previously ana- 
lyzed control 24 hour sample which had been diluted to 2 liters. The recoveries 
recorded are net recoveries calculated on a 2 liter basis. The last three figures in 
the first column represent the ingestion of 1.0 and 2.0 gm. of p-tryptophan and of 
4.0 gm. of pL-tryptophan. Recoveries in these instances are based on the analysis 
of 24 hour urine collections, but are not corrected for the average response which 
would have been obtained had no tryptophan been ingested. 


Farlane procedures are all more sensitive than is that of Albanese and 
Frankston. 

Although there were wide variations on the same urine sample by the 
four methods, all have consistently indicated that an appreciable portion of 
the ingested p- or pL-tryptophan was excreted. Among different subjects, 
the percentage excreted, as judged by the Eckert and Shaw-McFarlane 
procedures, varied from 36 to 53 per cent after the ingestion of 2 gm. dos- 
ages of p-tryptophan. 

Output of Kynurenine—Kynurenine was estimated by employing the 
same coupling agent as in the Eckert procedure, but only one-tenth as 
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much sodium nitrite was used and the diazotization was allowed to proceed 
for only 3 minutes instead of 30 (21). Application of this method to urines 
excreted after the ingestion of 2 gm. of p-tryptophan showed an apparent 
output of 80 to 200 mg. of kynurenine, presumed from the position of the 
spot on paper chromatograms (21) to be the p isomer. A similar output 
was estimated from the area of the spot on the chromatograms and the 
sensitivity of kynurenine to ninhydrin. A recent report by Dalgliesh and 
Tekman (28) indicates that both p- and L-kynurenine were detectable, the 
latter predominating, in urine excreted after the ingestion of 10 gm. of DL- 
tryptophan. In none of our tests with DL- or L-tryptophan has any L- 
kynurenine excretion been observed. Tryptophan showed no appreciable 
interference in the modification of the Eckert procedure outlined for the 
estimation of kynurenine. Kynurenine produces some interference in the 
Kekert procedure for tryptophan as routinely applied. Anthranilic acid 
interferes in both procedures (21), but was not detected on the paper 
chromatograms (20). The relatively small output of indolepyruvie acid 
and acetyltryptophan was not estimated quantitatively. 


SUMMARY 


Analyses by paper chromatography of urines voided by the normal 
human subject after the ingestion of p-tryptophan have shown that a 
considerable portion of the tryptophan is excreted, together with appre- 
clable amounts of p-kynurenine and traces of indolepyruvic acid and acety]- 
tryptophan. 

Upon the addition of iodine, urines excreted after the ingestion of pb- or 
pL-tryptophan yielded the reddish purple precipitates noted by Albanese 
and Frankston and assumed by them to have been produced from an 
“aberrant metabolite” of p-tryptophan. ‘Tryptophan itself was found to 


respond to the iodine test, whether added to urine or dissolved in water. | 


The conditions required to obtain the reddish purple precipitate are de- 
scribed. Comparative spectrophotometric tests indicate that the product 
can be obtained also by the addition of bromine, and that it is not indigo 


red. 


Quantitative analyses by four different methods confirm the excretion of | 


a large portion of the p-tryptophan ingested by the normal human subject 
as such or as a component of pi-tryptophan. The output in the urine is 
adequate to account alone for the reddish purple precipitate formed upon 
the addition of iodine. 

Quantitative estimates of the kynurenine excretion were also made, but 
the output of indolepyruvic acid and acetyltryptophan was not assayed 
quantitatively. 
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THE METABOLISM OF THYROXINE AND TRIIODOTHYRONINE 
IN THE EVISCERATED RAT 


By EUNICE V. FLOCK anp JESSE L. BOLLMAN 


(From the Section of Biochemistry, Mayo Clinic and Mayo Foundation,* 
Rochester, Minnesota) 


(Received for publication, November 17, 1954) 


The liver removes injected thyroxine very rapidly from the blood and 
excretes thyroxine or its derivatives in the bile. In 1919 Kendall (1) ad- 
ministered 200 mg. of thyroxine to a dog and found 43 per cent of the iodine 
in the bile within 50 hours. Albert and Keating (2), who administered 
0.6 y of radioactive L-thyroxine to young rats, found 30 to 43 per cent of 
the dose in the liver within 1 minute. This percentage then decreased at 
a rate proportional to the increase in radioactivity which occiirred in the 
gastrointestinal tract. Only one-fiftieth as much I"! appears in the bile 
after the injection of radioactive inorganic iodide as after the injection of 
thyroxine (3). Gross and Leblond (4) have found that ligation of the 
common bile duct prior to injection of labeled thyroxine produced higher 
levels of radioactivity in liver and plasma with a lower level in the intestine. 
The normal physiologic excretory product in the bile was shown by Taurog, 
Briggs, and Chaikoff (5, 6) to be a conjugate, tentatively identified as the 
glucuronide. Studies of the formation of thyroxine glucuronide by per- 
fused rat liver indicated that the liver was the chief site of synthesis of this 
compound, although kidney slices did show some ability to synthesize this 
compound (7). Roche, Michel, and Tata (8) have considered deiodination 
as another possible function of the liver in the metabolism of thyroxine, 
and recently Maclagan and Sprott (9) have shown that liver homogenates 
can deiodinate both thyroxine and triiodothyronine more rapidly than 
homogenates of extrahepatic tissues of the rat. 

The liver also removes triiodothyronine rapidly from the blood (10-12), 
but Rawson and coworkers (13) have shown that this substance disappears 
from the liver much more rapidly than does thyroxine. The liver excretes 
triiodothyronine rapidly in the bile, both as the free amino acid and as the 
glucuroconjugate, along with a small amount of liberated iodide and an 
a-ketonic derivative, 3,5 ,3’-triiodothyropyruvic acid (8, 14). 

To study further the réle of the liver in the metabolism of thyroxine and 
triiodothyronine, we have investigated the changes which occur in the 
absence of the liver in the rat. 


* The Mayo Foundation in Rochester, Minnesota, is a part of the Graduate School 
of the University of Minnesota. 


709 


| 


710 THYROXINE AND TRIIODOTHYRONINE 


EXPERIMENTAL 


Adult male rats of the Sprague-Dawley strain, weighing from 165 to 420 
gm. and maintained on Fromm’s dog food containing 0.5 per cent iodized 
salt, were used in these studies. With the rats under ether anesthesia, the 
vena cava was completely ligated with surgical silk just above the kidneys 
so that adequate collateral circulation would be established. About 4 
weeks later, with ether anesthesia, hepatectomy was done by evisceration, 
which included removal of the liver, stomach, intestines, spleen, and pan- 
creas. Continuous collection of urine was provided by cystostomy with a 
small polyethylene catheter in these and in control rats, which were normal 
rats or rats with biliary fistula. 

A single dose of from 20 to 30 ue. of radioactive! thyroxine, triiodo- 
thyronine, diiodotyrosine, or inorganic iodide was injected intravenously 
into each rat. The amount of thyroxine administered varied from 0.6 to 
5.5 y per rat except for two rats which received 12 y each. The amount of 
triiodothyronine varied from 0.8 to 5.1 y per rat. Diiodotyrosine was 
given in amounts varying from 80 to 188 y; iodide was injected either 
carrier-free or with 1.6 to 3.3 y of added carrier. A solution of a salt mix- 
ture and glucose was given by continuous intravenous injection throughout 
each experiment. Blood and tissues were removed at the end of the ex- 
periment. The tissues were frozen in dry ice, weighed, and crushed be- 
tween chilled steel blocks. The total radioactivity of urine, plasma, and 
tissues was measured in a well-type Nal (TI) scintillation counter and ex- 
pressed as per cent dose per ml. of plasma and urine or per gm. of tissue. 
The radioactive iodine compounds were then extracted and separated by 
paper chromatography. The radioactive areas on the chromatograms 
were located by radioautographs on “‘no screen” x-ray film. The chromat- 
ograms were cut into areas, according to the location of the iodine com- 
pounds on the radioautographs. The radioactivity of each area was 
measured in the scintillation counter and the percentage of the radio- 
activity in each area was calculated. 

Determination of the chloride content of urine was made by the method 
of Schales and Schales (15). 


Yxtraction of Tissues—Plasma and other tissues, acidified with 0.2 ml. — 
of 2 xn HCI per ml. or gm., were extracted three times with 3 volumes of 


normal butanol (16). The crushed tissues were homogenized in the acidi- 
fied butanol. Mean recoveries of the I'*' present after the administration 
of radioactive thyroxine, triiodothyronine, and iodide to rats varied from 
91.4 to 95.8 per cent, except for the 75.5 per cent recovery from the kidneys 


' Obtained from the Abbott Laboratories with approval of the Atomic hnergy 
Commission. 
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of rats which received Nal’ (Table I). An equal volume of chloroform 
was added to the butanol extract and the mixture was extracted three 
times with a volume of 2 N NH,OH equal to one-third of that of the butanol 
extract. Mean recoveries in the ammoniacal extract of 85.3 to 93.8 per 
cent of the radioactivity of the butanol extracts were found, except for the 
plasma which contained large amounts of inorganic iodide, as in the rats 
which had received triiodothyronine 6 to 24 hours earlier, or NaI. An 
improved ammoniacal extraction of the I'*! from rats which had received 
Nal was found if ethanol was substituted for butanol. The ammoniacal 


TABLE | 
Recovery of I'* from Tissues 

I'3! recovery, per cent 

rats! jected® | ection Butanol | é Total 
14| T4 3-20 | Plasma 95.8 + 0.6t/87.8 + 2.57/84.1 + 2.2T 
{em 8-20 | Kidneys | 94.3 + 0.4 |89.5 + 2.4 |84.5 + 0.8 
10| T3 3 Plasma 93.8 + 0.5 |85.3 + 2.1 |79.9 + 1.9 
| 6-24 - 93.6 + 0.5 |72.5 + 3.1 |67.9 + 2.8 
| 3-21 Muscle 91.4 + 0.8 /88.2 + 1.3 |80.6 + 1.2 
— 3-21 Kidneys | 95.2 + 0.8 |90.4 + 1.2 |86.0 + 1.3 
10| Nal | 20 Plasma 93.9 + 0.8 |65.6 + 2.9 |61.5 + 2.4 |86.3 + 1.4f 
4 ” 20 Kidneys | 75.5 + 1.5 |91.2 + 1.8 |69.0 + 2.1 |66.2 + 2.7 
a. ~~ Foe Lungs 91.6 + 0.2 |93.8 + 0.3 |85.9 + 0.3 |80.9 + 3.1 
4 om 20 Plasma 95.2 + 0.2$/96.8 + 0.5 |92.1 + 0.6 


*T4 = thyroxine; T3 = triiodothyronine. 
t Mean + standard error. 
t Ethanol extract instead of butanol, 


extracts were evaporated to dryness in vacuo, dissolved in acid-butanol, 
and chromatographed. Awapara (17) and Salander and Patton (18) have 
shown that free amino acids of tissues can be extracted into water when an 
ethanol extract of tissue is shaken with chloroform and water. We have 
found that, if the water is made sufficiently alkaline, thyroxine and related 
compounds are also extracted from either ethanol or butanol and chloro- 
form and thus removed from the tissue lipides which otherwise impair the 
resolution on chromatograms. We have used ammonia for the desired 
alkalinity, since it can subsequently be removed by evaporation in vacuo. 
Pigments and salts retained in the ammoniacal extracts may interfere with 
the resolution, particularly between inorganic iodide and the conjugate of 
thyroxine or triiodothyronine on chromatograms if extracts of tissue weigh- 
ing more than I gm. are chromatographed. 
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Urine was chromatographed directly without preliminary extraction if 
100 or 200 ul. contained at least 0.03 we. of I. Otherwise, the urine was 


extracted with butanol or ethanol and the extract, at neutral pH, was 


dried in vacuo, dissolved in acid-butanol, and chromatographed. 

Paper Chromatography—One-dimensional chromatograms on 10 by 12 
inch sheets of Whatman No. 4 filter paper were developed by ascent in the 
solvent mixture butanol-dioxane (4:1) saturated with 2 nN NH,OH (19) in 
jars with 15 per cent sodium bisulfite present in a small beaker. The 
dioxane was redistilled to prevent decomposition of thyroxine.2 Non- 
radioactive markers of inorganic iodide, thyroxine, and triiodothyronine 
were often streaked with the unknowns on the chromatograms. ‘The in- 
organic iodide was located with palladous chloride (20) and the thyroxine 
and other iodinated tyrosine derivatives with the diazo reagent of Koessler 
and Hanke as used by Albright and coworkers (21). Some breakdown of 
thyroxine occurred during the development of the chromatograms, but the 
extent of this appeared to be fairly uniform. When the radioactive thy- 
roxine, as obtained, was chromatographed in our system, from 85 to 90 per 
cent of the radioactivity was found in the thyroxine area, about 5 per cent 
in the inorganic iodide area, and about the same amount at the solvent 
front. A similar distribution was found when the thyroxine, added to 
tissue, was extracted and chromatographed. Thyroxine chromatographed 
and eluted from the thyroxine area also showed similar distribution when 
rechromatographed. Preparations of triiodothyronine, when chromat- 
ographed, showed 80 to 90 per cent of the radioactivity in the triiodo- 
thyronine area. Usually at least 2 to 5 per cent of the radioactivity was 
found in the iodide and thyroxine areas; in some preparations as much as 
15 per cent of the radioactivity was found at the solvent front. 


Results 


Urinary Excretion of I by Rat—Normal rats excreted in the urine 18.2 
per cent of I'* injected as radioactive thyroxine and 49.9 per cent of I'™ 
administered as radioactive triiodothyronine within a period of 20 hours 
(Table II). In contrast, eviscerated rats excreted only 2.0 and 3.4 per 
cent of the I'*' in the urine after the administration of these two substances 
in this time interval. Eviscerated rats excreted 22.0 per cent of I'* ad- 


ministered as sodium iodide and 29.7 per cent of I! administered as diiodo- — 
tyrosine, which is known to be rapidly deiodinated by the normal rat (22). | 
The I'*' output in the urine after the administration of iodide was only — 


half as great as that in the control rats. This retention of iodide may be » 


in part related to the much greater retention of chloride which occurred in 
these rats. Thus the hourly urinary output of chloride during the in- 


2? Owen, C. A., and McKenzie, B. F., unpublished data. 
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travenous injection of a saline solution averaged 0.0029 m.eq. with a stand- 
ard error of 0.0005 in twenty-six samples of urine from twenty-two eviscer- 
ated rats, while the hourly output averaged 0.0702 m.eq. with a standard 
error of 0.0149 in twenty-one samples of urine from fourteen normal 
rats. The retention of I after the administration of radioactive thy- 
roxine or triiodothyronine was much greater than that found after the 


TaBie Il 
Radivactive Iodine after Injection of Compounds 


Hrs Urine per cent of doset 
No. of rats stance | a vee 
injected Volume cent of | Plasma | Muscle 
mi. | | 
74 3 4.7 + 1.08 | 3.8 40.88 8.2 + 1.4§ | 11.4 + 
7“ | @ | 2.1 2.1 | 8.2418 6540.7 |*8.9+0.9 
4b. 3 | 3621.4 05402 248404 22.74 1.4 
20 2052424 20+05 17641.6 2.54 1.3 
5.N T3 3 5.0 + 0.7 40+1.3 3.0 +40.7 | 21.4 +4 2.2 
5 9.4 + 2.4 | .643.4 1640.2 | 15.14 1.5 
20 208+2.5 499414 1.1+0.3 6.9 + 1.5 
4 “s 3 3.742.1 | 3.9+ 2.1 3.6+0.8 42.2 + 3.4 
5 6 | 7.4418 16405 | 4.2402 | 42.74 5.4 
ge 20 3441.0 | 7041.5 36.4 + 2.9 
IN. Ty2 21. 12.4 70.7 | 
4 E. 20 31.841.9 | 29.74 5.6 | | 
5N. Nal 20 1.743.8  5084+73 1640.3 3.8 + 0.8 
20 26.24 3.6 | 22.0 + 5.0 34404 116+1.9 


* T4 = thyroxine; T3 = triiodothyronine; Ty2 = diiodotyrosine. 

7 The plasma volume was assumed to be 3 per cent of the rat and the muscle mass 
40 per cent. 

~ N. = normal rats; LE. = eviscerated rats. 

§ Mean + standard error. 


administration of either diiodotyrosine or iodide, indicative of decreased 
deiodination of the thyronines in the absence of the liver. 

Radioautographs of urine from rats with livers, that is, normal rats or 
rats with biliary fistulas, showed that the I'*' excreted after the administra- 
tion of radioactive thyroxine was found predominantly as inorganic iodide. 
Radioactive thyroxine was found in normal urine in amounts usually less 
than 5 per cent of the total I excreted in the urine. The thyroxine 
conjugate found in normal urine accounted for less than 4 per cent of the 
ps 

Radioautographs of twenty-one samples of urine from seven eviscerated 
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rats all showed the presence of free and conjugated thyroxine as well as 
inorganic iodide (Fig. 1). Free thyroxine accounted for from 17 to 40 
per cent of the I'*' and conjugated thyroxine from 4 to 13 per cent. 
Following the administration of radioactive triiodothyronine, normal 
rats excreted I'*' almost entirely as inorganic iodide. Only one radio- 
active band, that of iodide, was found on chromatograms in forty-one of 


Urine 
Eviscerated rat % Normal] 
i 1? 34 
6 

412 1-6 
Hours 


Fic. 1. Radioautographs of rat urine after administration of radioactive thyrox- 
ine. The sample was applied on the bottom line and the solvent front ascended to 
the top line. The areas of radioactivity found in the urine of the eviscerated rat 
were T4 (thyroxine), I (inorganic iodide), and C (thyroxine conjugate), while in the 
urine of the normal rat the only radioactive area was that of inorganic iodide. The 
eviscerated rat was injected intravenously with 28 we. of thyroxine at 0 time. The 
normal animal similarly received 26 ye. 


forty-five samples of urine from eight rats which were normal or had biliary 
fistulas, and this contained from 86 to 99 per cent of the I'*'. Eviscerated 
rats excreted inorganic iodide which varied from 39 to 87 per cent of the 
I'*! jn the urine, but they also excreted free and conjugated triiodothy- 
ronine. 

At least 75 per cent of the I'*' excreted in the urine after the administra- 
tion of radioactive diiodotyrosine to eviscerated rats was inorganic iodide. 

Distribution of I*! in Tisswes—Radioactive thyroxine, administered 
intravenously, disappeared from the plasma of the eviscerated rat more 
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. slowly than from that of the normal rat. 3 hours after the administration 
of thyroxine, 50.5 per cent of the I'* was distributed in the plasma (24.8 
per cent) and skeletal muscle (25.7 per cent) of the eviscerated rat, while 
| a similar amount, 54.6 per cent, was distributed in the plasma, muscle, 
f Tasie III 
in Whole Organs 
I'3!, per cent of dose 
rats in- 
jection Brain | Heart | Kidneys | Lungs | Liver (G.I. tract* Thyroid 
Thyroxine 
sn. 3 | 0.13) 0.1) 1.57) 0.47 | 10.0) 25.0) 0.15 
+£0.03 40.04 40.35 | 0.10 41.8 44.4 | £0.02 
0.16) 0.12, 0.99) 0.38 | 
+0.01 | +0.01 | 40.06 +1.3 | 42.4 40.2 
4E. | 3 0.34 0.41 4.75 1.16 0.12 
| +0.03 | £0.03 | £0.55) £0.08 +0.01 
3 * | 20 0.22 0.33 2.80 1.1 (1)T 2.2 (1) 
| +0.08 | 40.02 40.12 | 
Triiodothyronine 
5N.; 3 | 0.34] 0.36! 2.7! 1.01 7.8| 23.2] 0.24 
40.07 | 40.03 +0.2 40.19 +0.8 +3.0 
i 6 0.20 0.20 1.8 | 0.43 (2) | 6.0 27.9 1.08 (2) 
+0.01 | 40.02 +0.2 40.6 | 41.9 
4“ | 20 | 0.08] 0.08; 06 | 0.23 | 2.7| 13.8] 3.28 
+0.01 | +0.01 +0.07 | +0.04  +0.8 | +2.5 | 40.29 
4E. | 3 0.48; 0.78! 7.4 | 1.52 0.08 
40.04 | 40.03 40.6 40.19 40.02 
| | 0.49 0.69 | 5.8 2.76 0.38 
| +0.06 | £0.11 +0.7 | £0.56 +0.05 
9“ 20 | 0.52) 0.46) 3.0 | 0.90 | 3.77 
+0.07 | +0.10 | +0.7 +0.09 +0.75 
y * Gastrointestinal with ountunte. 
] t The numbers in parentheses indicate the number of rats on which the cor- 
. responding determinations are based. 
i liver, and gastrointestinal tract of the normal rat (Table II). At least 
twice as much I! was also found in brain, heart, and lungs, and 3 times as 
| much in the kidneys of the eviscerated rat as in the normal rat (Table IIT). 
i No difference was observed in the uptake of I"! by the thyroid. Higher 
: levels of radioactivity were also found 20 hours after the injection of thy- 


roxine in the tissues of eviscerated rats than in normal rats. The ratio of 
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the radioactivity of 1 gm. of tissue compared to that of 1 ml. of plasma, 3 
hours after the injection of thyroxine, was similar in both normal and 
eviscerated rats, suggesting that the uptake of thyroxine by the other 
tissues was dependent on the level in the plasma (Table IV). 

3 hours after the administration of radioactive triiodothyronine, 45.8 
per cent of the I'*! was found in the plasma (3.6 per cent) and skeletal 
muscle (42.2 per cent) of the eviscerated rat, while 55.4 per cent was dis- 
tributed in the plasma, muscle, liver, and gastrointestinal tract of the normal 
rat. An increased amount of I"! was found in other tissues of the evis- 
cerated rat as well as in skeletal muscle. There was a decrease in the 


TaBLe IV 
Relative Distribution* (Plasma = 100) 


ls 
Brain Muscle Heart Lungs Kidneys Liver 
4N. |T4) 3641 1042 | 2241) 3442 73 +8 101 + 4 
7“ 201241 1241 | 2141) 3943 74+ 8 108 + 14 (6) 
4E. | “| 3941 1/8405 2041)| 4545 81+ 
5“ (20114051641 | 3242 89 + 
5N. 13) 35547 6048 140+ 16 1244 12 483 + 64203 + 25 
4“ 203244 5045 |6844/115411 256 + 23198 + 14 
“ 360+ 2 86 +8 28 227413 664 + 61 
204847 5047 [72461105413 153 + 15 


* Ratio of radioactivity of 1 gm. of tissue to 1 ml. of plasma multiplied by 100. 
t The numbers in parentheses indicate the number of rats on which the cor- 
responding determinations are based. 


amount of I'*! from the 3rd to the 20th hour in most of the tissues of the 
normal rat. A much smaller decrease in I'*' was found in the skeletal and 
cardiac muscle, kidneys, and lungs of the eviscerated rat. The I'*' content 
of the brain did not change; that of plasma increased. The ratio of I" 
in 1 gm. of tissue compared to that in 1 ml. of plasma was much greater 
after the administration of triiodothyronine than thyroxine, largely because 


of the much lower amount present in the plasma. The tissues appear to — 


bind triiodothyronine; hence it is not in equilibrium with the blood. 
Fractionation of I™ in Tissues—Most of the I" found in plasma and 
tissues 3 hours after administration of radioactive thyroxine to normal rats 
was present as thyroxine (Table V). Approximately two-thirds of the 
larger amount of I'*' retained in skeletal muscle and kidneys of the evis- 
cerated rat was also present as thyroxine. Radioactive inorganic iodide 
was present in all the tissues studied, indicating that iodine had been 
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liberated from some of the thyroxine in both normal and eviscerated rats. 
20 hours after the administration of the labeled thyroxine the amount of 
I'** present in the tissues of the normal rat was too low for convenient 
fractionation, while in the eviscerated rat most of the I'*! was still present 
as the substance injected. A radioactive substance which appears to be 
thyroxine conjugate because it has the same FR, as the thyroxine conjugate 
of bile, that is, an Ry lower than that of inorganic iodide but higher than 


TABLE V 
Partition of I" 3 Hours after Administration of Thyroxine and 
Tritodothyronine 
| I'3!, per cent of dose 
No. of rats | Tissue 
Total | Thyroxine | lodide 
Thyroxine 
4N. | Plasma | tears 0.4401 
4E 24.8 + 0.4 18.2 + 1.9 | 1.9 + 0.4 
4N. Muscle 11.4 + 3.2 7.2 + 2.6 2.8 + 0.6 
4E. | 25.7 + 1.4 16.7 + 2.8 5.56 + 1.3 
4N.  — Kidneys 1.6 + 0.4 1.2 + 0.3 0.3 + 0.1 
4 E. | | 4.8 + 0.6 3.2 + 0.6 0.6 + 0.2 
Triiodothyronin 
| | | 
5 N. Plasma 3.0 + 0.7 1.5 + 0.4 0.7 + 0.2 
4k. 3.6 + 0.8 1.5 + 0.3 0.8 + 0.2 
4N. Muscle 21.4 + 2.2 9.6 + 0.7 4.8+ 0.9 
4k. 42.2 + 3.4 32.3 + 0.4 2.7 + 0.7 
4N. Kidneys 2.7 + 0.2 2.0 + 0.3 0.4+ 0.1 
4h. 7.4 + 0.6 6.0 + 0.5 0.5 + 0.2 


that of diiodotyrosine, was also found in the plasma of eleven of thirteen 
eviscerated rats and in four of twenty-one rats with livers. This substance 
was also present in the liver of the normal rat and was frequently observed 
in the skeletal muscle and kidneys of both normal and eviscerated rats and 
occasionally even in the heart and brain of these rats. The percentage 
of the radioactivity in this area of the chromatograms was usually less than 
5 per cent in the normal rats and less than 10 per cent even in the evis- 
cerated rats. There was often diffuse trailing of radioactivity in the 
triiodothyronine area, but in only a very few radioautographs of chromat- 
ograms of plasma and muscle did there appear to be a definite band of 
triiodothyronine. 
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About one-half of the small amount of I'*' present in plasma 3 hours 
after administration of labeled triiodothyronine was triiodothyronine in 
both normal and eviscerated rats. Approximately three-fourths of the 
larger amount of I'*! retained in skeletal muscle and kidneys of the evis- 
cerated rat was also triiodothyronine both at 3 and at 20 hours after its 
administration. Deiodination of some of the triiodothyronine was shown 
by the presence of inorganic iodide in all the tissues of both normal and 
eviscerated rats. A radioactive substance with the same Ry» as that of the 
triiodothyronine conjugate of bile was found in the plasma of eleven evis- 
cerated rats and in eight of nineteen rats with livers. The conjugate was 
regularly found in radioautographs of extracts of skeletal muscle and 
kidneys of eviscerated rats, very frequently in normal rats, and occasionally 
also in cardiac muscle and brain of both eviscerated and normal rats. The 
percentage of the radioactivity in the conjugate area was usually less than 
5 per cent in normal rats, but often as high as 10 to 15 per cent in the 
eviscerated rats. A small band of thyroxine was found in the radio- 
autographs of plasma in ten of nineteen normal rats and in ten of eleven 
eviscerated rats. A band between the thyroxine and _ triiodothyronine 
markers which might be diiodothyronine was also found in the plasma of 
the eviscerated rats. 


Comment 


The 50 per cent reduction in urinary excretion of iodide, following ad- 
ministration of radioactive iodide, found in eviscerated rats compared to 
normal rats, as well as the 96 per cent reduction in urinary excretion of 
chloride which occurred simultaneously in the eviscerated rat, is un- 
doubtedly part of the general metabolic response to surgery described by 
Moore and Ball (23) rather than a specific effect of removal of the liver. 
Moore and Ball found sodium retention associated with a normal excretion 
of chloride ion to be a common phenomenon in the convalescent patient. 
Wilkinson, Billing, Nagy, and Stewart (24) and others have found a reten- 
tion of both chloride and sodium in patients during the postoperative 
period. 

As much I"! was excreted as iodide in the urine by the eviscerated rat 
after the administration of radioactive diiodotyrosine as after the ad- 


ministration of iodide. This indicates that deiodination of diiodotyrosine — 


was not appreciably altered by removal of the liver. 


Very little I'*' was excreted in the urine by the eviscerated rat after the © 


administration of either radioactive thyroxine or triiodothyronine. Since 
the normal rat receiving these substances excreted I"! in the urine chiefly 
as iodide and since the eviscerated rat was able to excrete preformed iodide, 
these experiments suggested that the eviscerated rat was less able to form 
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iodide from the thyronines than the normal rat. Wilkinson and his as- 
sociates (25, 26) attributed the decreased urinary excretion of I'*!, which 
they found after the administration of radioactive thyroxine or triiodo- 
thyronine to rats when butyl 4-hydroxy-3 ,5-diiodobenzoate was injected 
simultaneously, to an inhibition of deiodination. Subsequently, Maclagan 
and Sprott (9) were able to show that homogenates of tissues did deiodinate 
the thyronines more slowly in the presence of this antithyroxine compound. 
Our observation that the I'*' retained in plasma or tissues after the ad- 
ministration of the labeled thyronines to the eviscerated rat was present 
largely as the substance injected is further proof that deiodination of these 
substances is diminished in the eviscerated rat. The liver thus appears to 
be important in the formation of inorganic iodide from the thyronines, as 
well as in the excretion of these substances in the bile in the free and con- 
jugated states. Such an interpretation of our data is complicated by the 
removal of other tissues with the liver in the evisceration. Studies in 
progress of the metabolism of radioactive thyroxine by the hepatectomized 
dog indicate, however, that deiodination of this subtance is also diminished 
when only the liver is removed. 

Extrahepatic tissues of the eviscerated rat were able to deiodinate both 
thyroxine and triiodothyronine, as shown by the appearance of radioactive 
inorganic iodide in plasma and tissues. The rate of formation of the iodide 
was, however, slower than in the intact rat. These results are in keeping 
with the observation of Maclagan and Sprott (9) that homogenates of 
hepatic tissue deiodinate these thyronines more rapidly than homogenates 
of extrahepatic tissues. Albright, Larson, and Tust (27) have shown that 
kidney slices can deiodinate thyroxine to form triiodothyronine, Gross and 
Leblond (28) and Kalant, Sellers, and Lee (29) found a conversion in vivo 
of thyroxine to triiodothyronine in the mouse and rat, but Hogness, Van 
Arsdel, and Williams (30) were unable to demonstrate any interconversion 
in vivo of thyroxine and triiodothyronine in the rat. Kalant and coworkers 
(29) found triiodothyronine to be the principal radioactive component in 
muscle after the injection of thyroxine. In our experiments some inter- 
conversion of thyroxine and triiodothyronine was observed, as well as the 
probable formation of diiodothyronine from the triiodothyronine. 

The more rapid disappearance of triiodothyronine than of thyroxine 
from the blood, which has been observed previously (10-12), was not 
altered by removal of the liver, while the normally slower disappearance of 
thyroxine was further decreased. The more rapid metabolism of triiodo- 
thyronine compared to that of thyroxine has been observed clinically by 
Rall and coworkers (10) and by Lerman (31), and in the rat by Wilkinson 
and Maclagan (32). Even in the eviscerated rat, in which the metabolism 
of both thyroxine and triiodothyronine was reduced, more I*! was excreted 
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by the rats receiving triiodothyronine, a higher percentage of this being 
inorganic iodide, than by those receiving thyroxine. 

The presence of a conjugate of thyroxine in urine and tissues of the 
eviscerated rat which resembles the conjugate of thyroxine in bile (5, 6), 
in regard to both the R» in butanol-dioxane-ammonia and hydrolyzability 
by bacterial 8-glucuronidase, shows that conjugation of thyroxine can occur 
in extrahepatic tissues. It is of interest that, although this compound was 
also found in the normal rat, it was present in the plasma and extrahepatic 
tissues of the eviscerated rat in larger amounts. It is probable that this 
conjugate is the same as Compound 4 which Gross and Leblond (28) found 
in kidneys, liver, and possibly muscle. 


SUMMARY 


Deiodination of thyroxine was markedly reduced in the eviscerated rat, 
as shown by diminished excretion of iodide in the urine after administration 
of radioactive thyroxine and by prolonged retention of the thyroxine in 
plasma and tissues. Both free and conjugated thyroxine were excreted in 
the urine. 

Deiodination of triiodothyronine was also markedly reduced in the evis- 
cerated rat, although it disappeared as rapidly from the blood of these 
animals as from that of normal rats. 

Deiodination of diiodotyrosine proceeded readily in the eviscerated rat. 
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THE METABOLIC INHOMOGENEITY OF RIBONUCLEIC ACID 
PHOSPHORUS* 


By JACOB SACKS, PATRICIA D. HURLEY, anno JERRY M. YOUNG, Jr. 
(From the Department of Chemistry, University of Arkansas, Fayetteville, Arkansas) 


(Received for publication, September 21, 1954) 


The experiments to be described below were undertaken to investigate 
the extent to which the phosphate groups of liver ribonucleic acid (RNA) 
differ in turnover rate. Such intramolecular differences have been found 
in other types of macromolecules in the tissues. Steinberg and Anfinsen 
(1) reported varying turnover rates for a single amino acid located at 
several points in the molecule of ovalbumin, and Stetten and Stetten (2) 
found differences in the turnover rates of the glucose units situated in the 
central straight chain portion and the peripheral branches of glycogen. 
Bendich et al. (3) observed that the deoxyribose nucleic acid (DNA) of 
regenerating liver and of several normal tissues could be separated into two 
portions having different rates of formation; however, they were unable to 
separate the DNA of the liver of normal rats into two such portions. 

The problem with respect to RNA is complicated by the often repeated 
observation (4-8) that the turnover rate of the phosphate groups of nuclear 
RNA is several times as great as that of the cytoplasmic RNA. The pro- 
cedure used in the present experiments did not involve separation of the 
particulate fractions, but the differences in apparent turnover rate that 
were found are appreciably greater than any which have been reported 
between nuclear and cytoplasmic RNA. Also certain aspects of the data 
indicate that the observed changes in rate cannot be accounted for fully by 
the known higher turnover rate of nuclear RNA. The procedure used was 
to inject rats and rabbits with tracer phosphate, excise the livers 2 or 4 
hours afterward, precipitate the proteins and nucleic acids with trichloro- 
acetic acid (TCA), extract the acid-soluble P compounds, and then convert 
the RNA in the residue to water-soluble mixtures of mono- and oligonu- 
cleotides by prolonged treatment with successive portions of TCA solution 
at room temperature. The products formed were separated by ion ex- 
change chromatography, and the relative specific activities of the P of 
these fractions were then determined. 


EXPERIMENTAL 


The experiments were carried out on male New Zealand white rabbits 


weighing from 1.8 to 2.4 kilos and on male white rats of the Wistar strain 
/ 


* Work performed under contract AT (40-1)-1521 between the Atomic Energy Com- 
mission and the University of Arkansas. 
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weighing from 300 to 350 gm. The tracer phosphate received from Oak 
Ridge was neutralized with NaHCO; and made up in 0.85 per cent solution 
of NaCl containing carrier NazHPO, equivalent to 5 y of P per ml. The 
solution was injected intravenously into the rabbits and subcutaneously 
into the rats in dose of 50 to 200 ue. per kilo of body weight. 2 or 4 hours 
afterward, the livers were excised from the anesthetized animals, and im- 


mediately dropped into a large volume of a freezing mixture of dry ice and | 


ether. Each rabbit liver was worked up separately; the livers of four rats 
were pooled. The frozen livers were broken up into small pieces in a 
tissue crusher chilled with dry ice and weighed, the proteins precipitated, 
and the acid-soluble P compounds extracted by treatment with 5 volumes 
of 10 per cent TCA solution in a Waring blendor in a cold room maintained 
at 1-2°. The residue was washed once with 3 volumes and once with 2 
volumes of 5 per cent TCA solution to complete the removal of the acid- 
soluble P compounds. 


The residue was brought to room temperature, and 5 volumes of 5 per | 


cent TCA solution were added. The mixture was shaken at frequent 
intervals for 2 hours, centrifuged, and the residue washed with a small 
volume of the TCA solution. This treatment with 5 per cent TCA was 
repeated five times; the duration of the extraction period was 24 hours for 


the first four, and 72 hours for the final treatment. Each of the solutions 
obtained was freed of TCA by extraction with ether and made up to a | 


suitable volume, and the optical density determined at 260 and 280 my in 
a Beckman model DU spectrophotometer. Although there was no reason 
to anticipate that DNA would undergo hydrolysis to soluble fragments in 
this treatment, tests were made with the diphenylamine reagent on all 
the extracts. These gave uniformly negative results. Less than 10 per 
cent of the material with absorption in the ultraviolet that was ultimately 
extracted was present in the first extraction (2 hours duration). The 
highest concentration of such material was found in the first 24 hour ex- 
traction, and progressively smaller amounts in the subsequent ones. Table 


I is a protocol of a representative experiment on a rabbit liver treated in — 


this way. 


When the extractions with 5 per cent TCA were begun immediately after : 


the removal of the acid-soluble P compounds, the first two treatments — 
yielded about one-third of the total extractable nucleotide material. How- | 


ever, when the RNA was extracted from the lipide-free residue of the TCA 
precipitate by the method of Davidson and Smellie (9), extraction with 10 
per cent NaCl solution at 100°, or even when the TCA precipitate was 


dehydrated and freed of lipides before the treatment with TCA, over 80 © 
per cent of the total nucleotide material was hydrolyzed to water-soluble 


fragments within 24 hours. 
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The solutions containing the soluble fragments were made ammoniacal, 
and the nucleotide material present was adsorbed on columns of Dowex 1 
chloride 17 cm. high X 1.1 cm. in diameter. The resin used was the 2 per 
cent cross-linked material which Volkin and Cohn (10) found to give more 
satisfactory separation of the oligonucleotides than is possible with the 
ordinary resin with 10 per cent of cross-linking. About one-third of the 
material with absorption in the ultraviolet present in the first 2 hour extract 
and about 5 per cent of that in the first 24 hour extract failed to be adsorbed 
on the resin. It was found by paper chromatography in the butanol- 
ammonia-water system of Hotchkiss (11) that this contained adenine, 


TABLE 


Degradation of Rabbit Liver RNA by & Per Cent Trichloroacetic Acid Solution 
Each extract was made up to 500 ml. after removal of TCA, made ammoniacal, 


and the nucleotide material was adsorbed on Dowex 1 resin (chloride). Free bases 
and nucleosides were eluted with 500 ml. of 0.01 m NH,Cl. * 
Optical density measurements 
Extract resin 0.01 m NH«Cl eluate 
260 mp 280 my 260 mu 280 my 260 mu 280 my 
hrs. 
1 2 1.14 0.553 0.362 0.255 0.060 0.025 
2 24 8.10 5.30 0.220 0.127 0.900 0.410 
3 24 7.10 4.63 0.078 0.035 0.820 0.325 
4 24 5.15 3.43 0.075 0.030 0.560 0.205 
5 24 2.56 1.61 0.025 0.020 0.680 0.252 
6 72 2.03 1.80 0.025 0.020 0.250 0.142 


guanine, and a small amount of hypoxanthine. These two solutions also 
contained traces of orthophosphate, which was eluted from the columns 
by the mixture of 0.01 m K.B,O7 and 0.025 m NH,Cl used by Khym and 
Cohn (12) in their studies on the ion exchange separation of the phos- 
phorylated sugars. The columns were then treated with 0.01 m NH,Cl 
to remove bases and nucleotides (13). This treatment eluted about 10 per 
cent of the total material with absorption in the ultraviolet. Tests for 
ribose were negative; hence the material so eluted consisted of free bases. 
The elution of nucleotides was then begun by employing successively the 
eluents used by Cohn (14) for the mononucleotides and then the first six 
of the series used by Volkin and Cohn (10) for the separation of di- and 
oligonucleotides resulting from the action of ribonuclease on yeast RNA. 
This series of eluents removed over 90 per cent of the nucleotide material 
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on the columns, and the remainder was eluted with a small volume of 2 
N HCl. The composition of the eluting solutions is given in Table IT. 

The progress of the solution was followed by measurement of optical 
density at 260 and 280 mu in a Beckman model DU spectrophotometer. 
Each fraction representing a peak of optical density was concentrated by 
readsorption on a short column of Dowex 1 resin, followed by elution with 
a small volume of 1 N HCl. Measurement of optical density at 260 and 
280 my was made, the solutions wet-ashed with nitric and sulfuric acids, 
the P precipitated with magnesia mixture, and the MgN H4PO, precipitates 
converted to phosphomolybdate for counting. P determinations were 
made by the method of Fiske and Subbarow. The samples for counting 
contained from 250 to 350 y of P. When necessary, carrier P was added to 
give this weight range. The phosphomolybdate precipitates were collected 
on specially prepared Pyrex Gooch crucibles and counted with a methane 
flow counter. Each sample was counted for a sufficient length of time to 
reduce the standard deviation of the count below 2 per cent. Duplicate 
counts were made when the time involved was not excessive. 


Results 


Only traces of mononucleotides were found in the first extract, and the 
total quantity of nucleotide material remaining on the column after elution 
of the free bases was too small for fractionation to be feasible. The entire 
quantity was therefore eluted with 2 nN HCl. Mononucleotides in appre- 
ciable amount were found in all the other extracts. Well defined peaks 
corresponding to cytidylic acid were obtained from all these, and well 
defined peaks corresponding to adenylic acid in less than half. Peaks 
corresponding in elution characteristics and absorption spectra to uridylic 
and guanylic acids were obtained in only a few cases. However, consider- 
able material was eluted with 0.002 n and 0.003 n HCl, the eluents for the 
mononucleotides, which did not correspond in absorption spectra to any of 
the common mononucleotides. In the first and second 24 hour extractions, 
this amounted to 5 to 15 per cent of the total material with ultraviolet 
absorption present in the extracts. 

The elution of the di- and oligonucleotide materials did not give as 
clearly defined peaks as those obtained by Volkin and Cohn (10) in their 
separation of the products of the action of ribonuclease on yeast RNA, 
even though the ion exchange columns used by them were considerably 
shorter in relation to cross-section than those employed in the present 
experiments. The elution rate was about 50 ml. per hour, and fractions 
were collected for 2 hours. The ratio of optical densities at 280 and 260 
my of successive fractions of the eluate representing the rising and falling 
phases of a peak were not necessarily constant. Nor did the ratios corre- 
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spond very well with those calculated from the molar extinction coefficients 
and the composition found by Volkin and Cohn for the corresponding peaks 


TaBLeE II 
Relative Specific Activities of P from Fragments of Liver RNA Separated by 
Ion Exchange Chromatography from Successive Treatments with & Per 
Cent Trichloroacetic Acid Solution 
Liver of rabbit excised 4 hours after injection of P*?-phosphate. The values are 
in terms of counts per minute per mg. of P, calculated to the basis of 10° c.p.m. in- 
jected per kilo of body weight. 


Eluent | Extract 1 Extract 2 Extract 3 | Extract 4 Extract 5 Extract 6 
0.002 n HCl 662 396 88 Cyt.* Cyt.* 
(Cyt.) (Cyt.) (Cyt.) 
191 T 61 Ad.* Ad.* 
(Ad.) (Ad.) 
tT 33 15 
(Urid.) | (Urid.) 
0.003 ‘* ‘* T 33 50 87 36 
(Guan.) | (Guan.) |. (Guan.) | (Urid.) 
48 45 36 
(Guan.) 
(Guan.) 
1180 166 
0.01 306 T T 
98 
92 
0.01 “ “ + 99 
0.0125 m NaCl 
0.01 n HCl + 0.025 481 
M NaCl 
0.01 n HCl + 0.05 m 82 340 
NaCl 
0.01 n HCl + 0.1 m 654 33 147 
NaCl 19 329 
2n HCl 890 46 92 173 44 41 
0.002 n HCl Adenosine-5’-phosphate from acid-soluble, 980 


Ad., adenylic acid; Cyt., cytidylic acid; Guan., guanylic acid; Urid., uridylic acid. 
* P compound present with no absorption in the ultraviolet. 
t Nucleotide material present, but no definite elution peak obtained. 


in the elution pattern. For these reasons no attempt was made to establish 
the composition of the various peaks when these could not be calculated. 
Radioactivity determinations were made only on those fractions which 
gave well defined peaks of constant optical density ratio. 
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The first 24 hour extract yielded material with each of the series of 
eluents, and the second 24 hour extract with most of the eluents. In the 
subsequent extractions, however, only mononucleotides and those oligo- 
nucleotides requiring the highest concentrations of salt and acid for their 
elution were found. 

The total P observed on wet ashing of the mononucleotide fractions from 
the last two extractions was many times that calculated from the optical 
density determinations. Evidently these fractions contained some of the 
substances without absorption in the ultraviolet which Davidson and 
Smellie (9) reported in their Schmidt-Thannhauser (15) digests. They 
subjected the livers of rabbits previously injected with tracer phosphate to 
this procedure, applied paper electrophoresis to the materials obtained, and 
made radioautographs of the paper strips. They found four spots on the 
radioautographs without corresponding absorption in the ultraviolet. Ex- 
cept for these fractions, the amounts of P in the mononucleotide fractions 
were within 2 per cent of those calculated from the optical density measure- 
ments. The amounts of P in the di- and oligonucleotide fractions corre- 
sponded within 10 per cent to a ratio of 1 atom of P per molecule of purine 
or pyrimidine base, assuming an average molar extinction coefficient of 
10,675 at 260 mu (10) for those fractions of which the composition was not 
determined. 

The radioactivity data from a typical experiment are reported in Table 


II. These data were obtained from the liver of a rabbit sacrificed 4 hours — 


after the injection of the tracer phosphate. The specific activity of the — 


material in the first extraction (2 hours) was always among the highest in 
any of the RNA fragments. The outstanding finding in the other extracts 
was the random distribution of specific activities. While the highest 
specific activities were observed in the second extract, this same extract 
also yielded some fragments of very low specific activity. Also, some 
fractions of relatively high specific activity were obtained from that portion 
of the RNA least readily degraded into water-soluble fragments by treat- 
ment with TCA. The highest specific activities were equal to or higher 
than that of the P of the adenosine-5’-phosphate, which was isolated from 
the acid-soluble fraction of the P compounds by elution with 0.002 xn HCl 
from a column of Dowex | resin. 


DISCUSSION 


Several investigators (4-8) have compared the specific activities of the 
P of nuclear and cytoplasmic RNA isolated from the livers of rats and 
rabbits 2 hours after the injection of tracer phosphate. The data are in 
general agreement that the specific activity and therefore the turnover 
rate of nuclear RNA-P under these conditions is some 10 to 25 times as 


ows 
he 
| fir 
dif 
In 
6th 
an 
cy 
fo 
ows 
ad 
the 
ha 
aft 
sol 
for 
the 
aft 
av 
| 
the 
the 
M: 
| of 
ter 
py! 
tha 
‘| 
the 
> 


J. SACKS, P. D. HURLEY, AND J. M. YOUNG, JR. 729 


great as that of the P of cytoplasmic RNA. In all these studies, the RNA 
was isolated after conversion to mononucleotides by the Schmidt-Thann- 
hauser (15) procedure or some modification thereof. The possibility of 
finding intramolecular differences in turnover rate was thereby limited to 
differences among the four mononucleotides, and these were rather slight. 
In the present experiments the range of specific activities was considerably 
greater than any which have been reported previously. Although some of 
the fragments of high specific activity must have been of nuclear origin 
and some of those of low specific activity must have been derived from the 
cytoplasm, it does not necessarily follow that these results can be accounted 
for entirely on such a basis, since the nuclei contain only about one-tenth 
of the total RNA of liver. In each of the experiments, at least one fraction 
was obtained of which the specific activity equaled or exceeded that of the 
adenosine-5’-phosphate of the acid-soluble fraction. In those studies in 
the literature in which the specific activities of RNA-P and acid-soluble P 
have been compared, the specific activity of RNA-P in the first few hours 
after injection of the tracer was only a small percentage of that of the acid- 
soluble P. For example, Smellie et al. (7) found that the maximal value 
for the specific activity of nuclear RN A-P was only about one-fifth that of 
the inorganic P of the liver, and that this maximum was reached 30 hours 
after the injection of the tracer. The specific activity of the acid-soluble 
P of rat liver reaches a maximum about 2 hours after the injection of the 
tracer (16) and falls slowly thereafter. The low values relative to the 
acid-soluble P found in Schmidt-Thannhauser digests therefore represent 
average values, which conceal the high degree of metabolic inhomogeneity 
shown by the RNA. 

The present findings indicate that there is no necessary relation between 
the relative ease of enzymatic hydrolysis and resynthesis of specific phos- 
phate linkages within the RNA molecule in vivo and the susceptibility of 
these linkages to the action of dilute acid. In this sense the degradation by 
acid represents a random process, in contrast to the action of ribonuclease. 
Markham and Smith (17) and Volkin and Cohn (10) found that the action 
of this enzyme on yeast RNA gave di- and oligonucleotides in which the 
terminal member, with a singly esterified phosphate group, contained a 
pyrimidine base. On the other hand, Merrifield and Woolley (18) reported 
that the terminal group in the dinucleotide products of the action of HCI on 
yeast RNA might be either a purine or a pyrimidine derivative. 

These findings support the conclusion of Marshak and Calvet (4) that 
the phosphate groups of RNA are derived from some high energy phos- 
phate compounds. The findings of RNA fragments with specific activities 
equal to or even exceeding that of the P of adenosine-5’-phosphate requires 
such an interpretation. The specific activity of this latter substance is 
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representative of those of the low energy P compounds of the acid-soluble 
fraction (16). This finding also indicates that the adenosine-5’-phosphate 
is not the direct precursor of the adenylic acid of RNA. 


SUMMARY 


1. The liver ribonucleic acid of rats and rabbits previously injected with 
tracer phosphate has been subjected to fractional degradation by treat- 
ment with dilute trichloroacetic acid solution at room temperature. 

2. This treatment resulted in a gradual degradation of the RNA into 
water-soluble fragments, which were separated by ion exchange chromatog- 
raphy. 

3. These fragments consisted of mononucleotides and larger molecules, 
presumably di- and oligonucleotides. 

4. The ribonucleic acid degradation products isolated showed very wide 
variations in specific activity of their contained phosphorus. 

5. The range of specific activities was in excess of those which have been 
reported by others between nuclear and cytoplasmic RNA-P. 

6. The highest specific activities in these nucleotide fractions were equal 
to or greater than that of the P of adenosine-5’-phosphate isolated from the 
acid-soluble fractions of the same livers. 

7. It is concluded that there is a high degree of metabolic inhomogeneity 
in the turnover of the phosphate groups of RNA and that the low turnover 
rates ascribed represent average values which conceal the presence of por- 
tions of the molecule with high turnover rates. 
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THE QUANTITATIVE ESTIMATION OF AMINO NITROGEN BY 
DETERMINATION OF BOUND COPPER WITH 
THE FLAME PHOTOMETER * 


By ROY E. BEAUCHENE,f A. D. BERNEKING,?| W. G. SCHRENK, 
H. L. MITCHELL, anp RALPH E. SILKER 


(From the Kansas Agricultural Experiment Station, Manhattan, Kansas) 


(Received for publieation, October 14, 1954) 


The measurement of combined copper has been used in a number of 
procedures for the quantitative determination of amino acids and pep- 
tides. Pope and Stevens (1) as well as Schroeder, Kay, and Mills (2) 
determined the combined copper iodometrically. Martin and Mittel- 
mann (3) analyzed for copper with the polarograph. Woiwod (4) used 
the spectrophotometer to measure the color produced by the reaction of 
copper with diethyl dithiocarbamate. Spies and Chambers (5) described 
a simple spectrophotometric technique in which the blue color obtained 
when an excess of alanine is added to the combined copper is utilized. In 
this laboratory, the iodometric determination was found troublesome, the 
Woiwod procedure lengthy, and the Spies-Chambers method not repro- 
ducible when used on plant tissue that yielded colored or turbid hydroly- 
Sates. 

The present paper describes a simple and rapid method for estimating 
amino nitrogen in protein hydrolysates in which the combined copper is 
measured with the flame photometer. The results obtained by the flame 
photometric method are compared with those obtained by a modification 
of the Woiwod method (4). 


Reagents and Solutions 


Copper chloride solution. 14 gm. of reagent grade cupric chloride dihy- 
drate per 500 ml. of water solution. 

Sodium phosphate solution. 68.5 gm. of reagent grade trisodium phos- 
phate dodecahydrate per liter of water solution. 

Borate buffer, pH 9.1 to 9.2. 57.3 gm. of sodium borate decahydrate per 
3 liters of water; filtered. 

Sodium diethyl dithiocarbamate. 1 gm. dissolved in 50 ml. of water. 


* Contribution No. 507, Department of Chemistry, Kansas Agricultural Experi- 
ment Station, Manhattan, Kansas. This work was supported in part by a grant 
from Eli Lilly and Company. 

t From portions of a dissertation to be submitted in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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The solution should be filtered; and refiltered before use if turbidity de- 
velops. 

Washed copper phosphate. To 100 ml. of the sodium phosphate solution, 
50 ml. of copper chloride solution were added with swirling, and the copper 
phosphate was removed by centrifuging. ‘The residue was washed twice 
by resuspending in 150 ml. of sodium borate buffer and repeating the cen- 
trifugation. The copper phosphate was suspended finally in 250 ml. of 
sodium borate buffer, and 15 gm. of reagent grade sodium chloride were 
added to the suspension. This reagent was prepared according to the 
method of Schroeder et al. (2). 

Copper standard solutions. A solution containing 2000 p.p.m. of copper 
was prepared by dissolving 2.682 gm. of reagent grade cupric chloride di- 
hydrate in 500 ml. of distilled water. This solution was diluted to pre- 
pare standards containing from 1 to 40 p.p.m. of copper. 

Isoamyl alcohol, Baker and Adamson, purified. 

Amino acids were obtained from the following: pi-alanine and glycine, 
Eastman Kodak Company; L-arginine monohydrochloride, pDtL-aspartic 
acid, pt-histidine monohydrochloride, pt-isoleucine, pt-leucine,  DL- 
methionine, and pt-threonine, Nutritional Biochemicals Corporation; 
t-glutamic acid, pt-phenylalanine, .-proline, pt-serine, pL-tryptophan, 
and pi-valine, General Biochemicals, Inc.; L-lysine, Merck and Company. 

Phosphate buffer. 81.6 gm. of potassium dihydrogen phosphate and 
23.0 gm. of sodium hydroxide were dissolved in 4 liters of water. The 
pH was adjusted to 8.4 with sodium hydroxide. 

Protein Hydrolysates—V arious plant tissues were hydrolyzed by a modi- 
fication of the method of Melnick and Oser (6). A 1 gm. sample of the 
material to be hydrolyzed, 100 mg. of U.S. P. pancreatin (purified three 
times), and one or two crystals of thymol were placed in a 250 ml. beaker. 
20 ml. of phosphate buffer and 40 ml. of water were then added to the 
beaker. The mixture was stirred 5 minutes as the pH was adjusted con- 
tinuously to 8.4 with 5 per cent NaOH. The beaker was then covered 
with a watch-glass and set in a water bath maintained at 37°. The pH 
was readjusted to 8.4 at 12 hour intervals during hydrolysis. After the 
desired period of hydrolysis the hydrolysate was adjusted to pH 4.5 with 
glacial acetic acid and was boiled on a hot-plate for 3 minutes. The 
hydrolysate was then cooled, made to a volume of 100 ml., and filtered. 
After the filtrate was neutralized, the solution was ready for analysis. 


Procedure 


Flame Photometry—A Beckman model DU quartz spectrophotometer, 
equipped with a model 9200 flame photometry attachment and photo- 
multiplier circuit, was used in the flame photometric work. The follow- 
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ing instrumental conditions were employed: wave-length 324.8 my, slit 
width 0.04 mm., oxygen pressure 16 pounds per sq. in., acetylene pres- 
sure 4 pounds per sq. in., maximal electrical sensitivity, sample feed rate, 
1.56 ml. per minute. 

The instrument was allowed to reach electrical stability before any ana- 
lytical data were taken. The solutions to be analyzed were placed in 
5 ml. beakers and atomized directly into the flame, and a series of three 
to five readings was taken on each sample. All transmittancy readings 
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Fig. 1. Flame photometric (A) and spectrophotometric (O) copper standard curves 


were corrected for a flame background with distilled water. Throughout 
this work, the background remained constant at 37 per cent transmittancy. 

Flame Photometric Copper Standard Curve—This curve (Fig. 1) was pre- 
pared from data obtained by atomizing the copper standard solutions in 
the Beckman flame photometer. Per cent transmittancy, corrected for 
background, was plotted against copper concentration in parts per million 
to obtain the standard curve. 

Spectrophotometric Copper Standard Curve—Portions of the same stand- 
ards that were employed for flame photometry were used in preparing the 
spectrophotometric curve. The standards were diluted by pipetting 10 
ml. of standard solution into 50 ml. volumetric flasks and making up to 
volume with water. To 10 ml. of this solution in a 50 ml. centrifuge tube 
equipped with a ground glass stopper was added 0.1 ml. of diethyl dithio- 
carbamate solution from a 1 ml. graduated pipette. 20 ml. of isoamyl 
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alcohol were added to the solution in the centrifuge tube, and the mixture 
was shaken vigorously for 45 seconds and then centrifuged 5 minutes at 
2000 r.p.m. <A portion of the alcohol layer was removed with a pipette 
and its optical density determined at 435 my. The calibration curve was 
obtained by plotting optical density, corrected for a water blank, versus 
the concentration of copper in the standard (Fig. 1). 

Development of Complex—To 5 ml. of an amino acid solution or protein 
hydrolysate in a 15 ml. centrifuge tube were added 5 ml. of washed copper 
phosphate suspension. The tube was allowed to stand 5 minutes with 
occasional agitation and then centrifuged at 2000 r.p.m. for 5 minutes to 
remove the excess copper phosphate. A water blank also was carried 
through the reaction. 

Flame Photometric Analysis—5 ml. of the supernatant liquid in the 
centrifuge tube were pipetted into a 50 ml. volumetric flask and made to 
volume with water. A portion of this solution was atomized into the 
flame photometer burner and its transmittance obtained. 

Spectrophotometric Analysis—A 10 ml. aliquot of the solution used in 
the flame photometric analysis was diluted to a volume of 50 ml. 10 ml. 


of this solution were allowed to react with 0.1 ml. of diethyl dithiocarba- Ka 
mate solution. The reaction mixture was extracted with 20 ml. of iso- 

amyl alcohol, and the optical density of the alcohol phase was measured ut 

as described above. wh 

ge 

RESULTS AND DISCUSSION spe 


Alanine Amino Nitrogen Standard Curve—Eleven alanine solutions con- 
taining from 10 to 400 mg. of amino nitrogen per liter were subjected to 
both the flame photometric and the spectrophotometric procedures. Ala- 
nine was chosen as the source of amino nitrogen, since Spies and Chambers a7 
(5) previously used it in expressing amino acid equivalence. The data 
obtained with these solutions were plotted versus the concentration of 
amino nitrogen to obtain the amino nitrogen standard curves shown in 
Fig. 2. The data also were referred to the proper copper standard curve 
(Fig. 1) to obtain the parts per million of copper bound, as shown in 
Table I. | 

From Table [ it will be seen that alanine bound approximately theoreti- 
cal amounts of copper over the entire range of amino nitrogen concentra- 
tions used. Theoretical binding is based on the observations of other 
workers (2-4, 7) that most amino acids, under conditions of this test, 
react to form compounds that can be represented by the formula CuAg, 
where A equals an amino acid molecule. 

Amino Acids—Sixteen solutions, each containing 300 mg. per liter of 
a-amino nitrogen of a given amino acid, were prepared. Also, a composite Tea 
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al solution having the same amino nitrogen concentration was prepared in 
which the sixteen amino acids contributed equal amounts of a-amino nitro- 
gen. The solutions were analyzed by both the flame photometric and 
spectrophotometric methods, and the readings obtained were referred to 
TaBie 
lap Comparison of Copper Bound by Alanine Amino Nitrogen Determined by 
a. Flame Photometric and Spectrophotometric Methods 
ta Copper bound 
of Amino nitrogen 
in | Theoretical Flame photometry Spectrophotometry 
ve =. per I. p.pm. p.p.m. p.p.m. 
in 10 1.1 1.5 1.0 
20 2.3 2.3 2.0 
ti- 30 3.4 3.5 2.8 
50 5.7 5.5 4.9 
- 100 11.4 11.3 10.5 
1er 150 17.0 16.0 16.0 
st, : 200 22.7 22.0 21.3 
250 28.4 27.8 26.5 
300 34.1 32.0 31.7 
of 350 39.7 38.3 37.8 
; 400 45.4 42.3 43.0 
ite 
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the appropriate standard curve (Fig. 2). Good agreement between the 
two methods was obtained for all of the amino acids, as shown in Table 
II. The amount of a-amino nitrogen in histidine was abnormally high. 
Histidine bound approximately 90 per cent of the amount of copper re- 
quired for the formula Cu.A;. This agrees with Schroeder et al. (2) and 
Spies and Chambers (5). 


Taste II 
Recovery of a-Amino Nitrogen by Flame Photometric and Spectrophotometric 
Methods 
Amino acid Flame photometry | Spectrophotometry 

per cent | per cent 
Arginine monohydrochloride. | 100.7 95.7 
ets 97.7 100.7 
Histidine monohydrochloride 128.0 | 126.7 
101.7 | 97.3 
Lysine monohydrochloride 103.0 97.3 
97.7 | 98.3 
Phenylalanine* . 97.7 | 101.3 
Proline........ 97.7 | 04.3 
Serine........ | 100.7 | 102.3 
Tryptophan* | 104.0 | 99.0 


* The solution analyzed contained 2 parts of glycine nitrogen to 1 part of amino 
acid a-amino nitrogen. 


Other workers (1, 2, 5) have found that phenylalanine, methionine, 
leucine, and tryptophan, when used alone, form insoluble copper complexes, 
but that they can be dissolved and separated from the excess copper 
phosphate by adding known amounts of glycine. In this work, 2 moles of 
glycine were added to each mole of the four amino acids listed above. No 
difficulty was encountered in the analysis of these amino acids under our 
conditions. 

The results obtained with the composite solution of amino acids, with- 
out added glycine, indicate that insolubility of reaction products was not 
a problem in amino acid mixtures. This indicates the feasibility of deter- 
mining mixed amino acids in protein hydrolysates by the flame photo- 
metric method. The recovery of 105 per cent a-amino nitrogen in the 
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composite mixture can be explained in part by the presence of histidine. 
The average recovery of amino nitrogen by the flame method as calculated 
from the data presented in Table II is 0.5 per cent above the theoretical 
without histidine or 2.2 per cent with histidine. This compares with an 
average recovery by the spectrophotometric process of 1.0 per cent above 
the theoretical with histidine and a —0.7 per cent without histidine. 
Protein Hydrolysates—Eight protein-containing plant products were 
hydrolyzed enzymatically as described above. The hydrolysates were 
analyzed by the flame photometric and the spectrophotometric methods 
and the data obtained were referred to the proper amino nitrogen standard 
curve. Other workers (1, 5) have shown that when protein hydrolysates 
form complexes with copper those components which are least soluble 


TaBLe III 


Comparison of Amino Nitrogen Found by Flame Photometric and 
Spectrophotometric Methods in Eight Protein Hydrolysates 


Time hydrolyzed | Sample _ Flame photometry | Spectrophotometry 
| 
43 Dehydrated bromegrass | 200 | 198 

Corn grain 60 53 
Cottonseed meal | 318 | 300 
Hempseed meal | 193 | 185 
Sorghum grain 105 | 98 
Soy bean meal 325 | 335 
72 Dehydrated alfalfa | 195 | 198 


Alfalfa silage | 163 165 


when by themselves are kept in solution by the others. Hence glycine was 
not added to any of the protein hydrolysates studied. Good agreement 
was obtained between the two methods (see Table III). 

When hydrolysates of proteins contain a high concentration of the 
amino acids which tend to form insoluble copper complexes, it is theoreti- 
cally possible that some amino acid is lost at the time of removal of excess 
phosphate. Even so, excellent agreement of results from these methods 
would still be obtained, just as in the case with the results reported in 
Table III, for the loss of amino acid would occur to an equal extent in the 
two procedures. However, others (1) have found that the Van Slyke 
method gives the same results that are obtained by a method which in- 
volves formation of copper complexes. It is assumed, therefore, on the 
basis of the good agreement reported in Table III that the results of the 
modification proposed here would be in good agreement with those by 
the Van Slyke procedure, at least with the hydrolysates tested. 

Concerning Flame Photometric Method—Kingsley and Schaffert (8) have 
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shown that organic solvents, especially acetone, increase the sensitivity 
of the flame photometer to calcium, potassium, and sodium. In this work, 
acetone, dioxane, and ethyl alcohol were studied to determine their effect 
on the sensitivity of the flame photometer to copper. When the organic 
solvents were used in 50 per cent aqueous solutions, the corrected per cent 
transmittancy was increased 3-fold for acetone, 24-fold for dioxane, and 
2-fold for ethyl alcohol. The instrumental conditions employed with the 
organic solvents were the same as those when water alone was the solvent. 
However, organic solvents were not used in this work, since the amount of 
copper complex formed by the hydrolysates was sufficient to give adequate 
readings with the instrumental conditions and the dilutions employed. 

The flame photometric method was found to be more rapid than the 
spectrophotometric method. The reaction with diethyl dithiocarbamate, 
the extraction with alcohol, and the accompanying centrifugation are 
eliminated. In analyzing for bound copper in the amino acids or protein 
hydrolysates, it is necessary to adjust instrumental conditions to repro- 
duce the original calibration curve. In some instances it is known that 
organic material (9) or extraneous inorganic ions (10) may interfere in a 
flame photometric analysis. However, no difficulty was encountered in 
this procedure. This is substantiated by comparing the curve obtained 
by analyzing solutions containing only the copper ion in distilled water 
(Fig. 1) and that obtained by analyzing for copper bound with alanine 
(Fig. 2). When a blank mixture containing all the components except 
copper was analyzed under these conditions, a per cent transmittancy 
equal to that of distilled water resulted. All the usual precautions as- 
sociated with good flame photometry techniques should be observed. 
During the course of analysis, it is occasionally necessary to clean the 
burner-atomizer assembly. In this study on amino nitrogen, it appears 
that the flame photometric method and the spectrophotometric method 
are equally reproducible. 


SUMMARY 


A simple, rapid method is described for the analysis of amino acids in 


which they form complexes with copper and the copper is measured with ! 
a flame photometer. Sixteen amino acids were studied. Results obtained 
by the flame photometric method and by a spectrophotometric method © 


were compared. The application of the method to the determination of 
amino acids in enzymatically hydrolyzed plant tissue is described. 
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(Received for publication, November 23, 1954) 


Many drugs which are alkylamines undergo dealkylation in the body. 
For example aminopyrine (2), ephedrine (3), codeine (4), meperidine (5, 6), 
methylamphetamine (7), and mephobarbital (8, 9) are all demethylated 
in vo. The removal of ethyl groups has been demonstrated with quina- 
crine,' and an unusual type of dealkylation, the loss of a 8-chloroethy] 
group, occurs in the biotransformation of N-dibenzyl-8-chloroethylamine 
(Dibenamine) (10). 

In spite of the importance of dealkylation in drug metabolism little is 
known concerning the biochemical mechanism responsible for the removal 
of the alkyl groups: whether one or a number of enzyme systems are respon- 
sible for the dealkylation of various alkylamines; the relationship between 
structure of alkylamines and their resistance to dealkylation; and finally 
what function, if any, the dealkylating enzymes serve in normal metabolic 
processes. 

Preliminary studies by Taggart, Poet, and Brodie? have shown that 
aminopyrine (Pyramidon, dimethyl-4-aminoantipyrine) is demethylated 
to 4-aminoantipyrine on incubation with slices or homogenates of rabbit 
liver. The present communication presents further studies on the en- 
zymatic dealkylation of aminopyrine and related alkylamines. It will be 
shown that the dealkylation enzyme system is located in the microsomes 
of liver cells and requires both oxygen and reduced triphosphopyridine 
nucleotide. Evidence will be presented that the methyl groups removed 
from aminopyrine are converted to formaldehyde and that the ethyl group 
removed from the monoethyl analogue is converted to acetaldehyde. 

Materials—Monomethyl-4-aminoantipyrine (henceforth referred to as 
MMAP) was kindly donated by Dr. Tainter of the Sterling-Winthrop Re- 


* A preliminary report of this work was presented at the annual meeting of the 
Federation-of American Societies for Experimental Biology, Chicago, April, 1953 (1). 

' Taggart, J. V., unpublished data. 

* Taggart, J. V., Poet, R., and Brodie, B. B., unpublished data. 
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search Institute. Diethyl-4-aminoantipyrine was synthesized by Mr. W. 
Lott of The Squibb Institute for Medical Research. ‘The monoethyl, mono- 
butyl, and dibutyl derivatives of 4-aminoantipyrine were prepared by 
Doris Titus. Diphenylpropylacetic acid (SIXF acid) and its ester 
diethylaminoethy! diphenylpropylacetate hydrochloride (SIF 525-A) were 
obtained through the courtesy of Dr. Glenn Ullyot of the Smith, Kline 
and French Laboratories. TPN (triphosphopyridine nucleotide), DPN 
(diphosphopyridine nucleotide), and DPNH (reduced DPN) were obtained 
in about 80 per cent purity from the Sigma Chemical Company. TPNH 
(reduced TPN) was prepared by the method of Kaplan et al. (11). Glu- 
cose-6-phosphate dehydrogenase was purchased from the Sigma Chemical 
Company. Glucose dehydrogenase was purified from beef liver by the 
method of Strecker and Korkes (12). Aminopyrine-C" labeled in one of 
the two 4-N-methyl groups was synthesized by Doris Titus and had a 
specific activity of 1 ue. per umole. The radioactive aminopyrine was 
diluted 1:40 with unlabeled compound. 

Methods—Male albino rabbits* were stunned, exsanguinated, and the 
liver or other tissues immediately removed. Tissues were homogenized at 
0-3° in 2 volumes of 0.2 mM phosphate buffer, pH 7.4, with a Potter-Elvehjem 
type glass homogenizer. The preparations were usually used immediately, 
although no loss of activity resulted if they were stored in the cold for 
several hours. 

In most studies of enzymatic dealkylation a 25 ml. Erlenmeyer flask 
contained 2.0 ml. of enzyme preparation, 100 wmoles of nicotinamide, 75 
umoles of MgCl, 0.2 umole of TPN, 5 umoles of alkylamine substrate, and 
water or 0.1 mM phosphate buffer, pH 7.4, to give a final volume of 5.0 ml. 
The reactions were carried out in a metabolic shaking incubator at 37° for 


1 hour in an atmosphere of air. At the end of the incubation period the | 


reaction was stopped by the addition of 15 ml. of 6.7 per cent trichloroacetic 
acid to give a final concentration of 5 per cent trichloroacetic acid, and the 


precipitated protein was removed by centrifugation. Suitable aliquots, | 


usually 1 to 5 ml. of the supernatant solution, were assayed for remaining 
substrate or for metabolic product. 


The disappearance of MMAP or aminopyrine could not be used as a | 


measure of dealkylation, since appreciable amounts of these substrates 
disappeared by an alternative pathway (see below). Dealkylation activity 
was therefore determined by measuring the amount of 4-aminoantipyrine 
formed by the dealkylation of aminopyrine or its homologues. Under the 


3 Rabbit liver homogenates had considerably higher dealkylation activity than ~ 
liver homogenates of rat and guinea pig with aminopyrine or monomethyl-4-amino- | 


antipyrine as substrates. For this reason the studies described in this paper were 
made with rabbit liver. 
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experimental conditions described, 4-aminoantipyrine is metabolized to a 
small extent, less than 10 per cent, by whole rabbit liver homogenate, but 
is stable when incubated with microsomal preparations of liver. In most 
experiments MMAP was used as the substrate, since the demethylation of 
this compound proceeded about 4 times as rapidly as aminopyrine, its 
dimethyl analogue. 

Analytical Methods—4-Aminoantipyrine was assayed directly in a tri- 
chloroacetic acid filtrate of the various enzyme preparations by diazotiza- 
tion and coupling with @a-naphthol, as described by Brodie and Axelrod (2). 
As applied to liver homogenates incubated with aminopyrine or MMAP, 
it was presumed that only 4-aminoantipyrine and not any other metab- 
olite was measured, according to the following criteria: The compound 
determined had a free amino group, since it could be diazotized and coupled 
with a-naphthol; the value obtained by direct assay of the filtrate was the 
same as that obtained by the method involving preliminary extraction of 
the compound with chloroform (2); and finally the azo derivative formed 
in the analytical procedure when subjected to ascending chromatography 
on Whatman No. 1 paper, with butanol saturated with 0.5 Nn HCl as the 
solvent system, vielded a single spot having the same R, value, 0.78, as 
the authentic derivative. 

Aminopyrine was determined spectrophotometrically after its extraction 
into ethylene dichloride (2). MMAP was estimated in the same manner 
as that described for aminopyrine. 

Formaldehyde was determined by the chromotropic acid method of 
MacFadyen (13) as modified by Mueller and Miller (14), except that the 
formaldehyde was distilled from the deproteinized incubation mixture 
acidified to a final concentration of 20 per cent trichloroacetic acid instead 
of with perchloric acid.4. Formaldehyde was trapped by including 0.01 m 
semicarbazide in the incubation mixture. This concentration of semi- 
carbazide did not inhibit enzymatic dealkylation. Zero time control flasks 
containing liver homogenate with added aminopyrine or MMAP contained 
no measurable formaldehyde, and incubated control flasks without sub- 
strate yielded less than 0.1 umole of formaldehyde. 

Acetaldehyde was trapped with 0.01 m semicarbazide and determined 
after distillation from a tungstie acid filtrate according to the method of 
Stotz (15). 

Estimation of and Formaldehyde-C™ in Enzyme Preparations—The 
incubation of aminopyrine-C"™ with liver homogenates was carried out in 
closed vessels, and the carbon dioxide evolved was trapped as carbonate in 
20 per cent IKOH contained in a center well. At the end of the incubation 
period trichloroacetic acid was added to the incubation mixture to liberate 


‘ Axelrod, J., personal communication. 
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bound carbon dioxide. The carbonate in the well was precipitated as 
barium carbonate, and the radioactivity was determined with a low back- 
ground gas flow counter, corrected for self-absorption. 

To determine formaldehyde-C", 5 mg. of non-radioactive formaldehyde 
were added to the deproteinized incubation mixture which was made free 
of radioactive carbon dioxide by flushing with CO... The pH was adjusted 
to 4.7, and 20 ml. of 0.4 per cent of dimedon (1 , 1-dimethyl-3 ,5-diketocyclo- 
hexane) were added. After 24 hours, the dimedon formaldehyde derivative 
was filtered, recrystallized from ethanol, and the derivative plated and 
counted. Recrystallization from ethanol was repeated until constant 
specific activity was obtained. Radioactivity was calculated as counts per 
minute per micromole after correction for self-absorption. 


EXPERIMENTAL 


Distribution of Dealkylation Enzyme System in Various Tissues—1.0 
umole of aminopyrine was incubated with about 500 mg. of slices of rabbit 
liver, skeletal muscle, kidney, intestinal mucosa, and spleen in 3.0 ml. of 
Krebs-Ringer-phosphate buffer at pH 7.4. Only liver was found to de- 
methylate aminopyrine; about 0.1 wmole of 4-aminoantipyrine was formed 
by this tissue in 1 hour. 

Requirements of Enzyme System in Liver Homogenates—Preliminary ex- 
periments showed that unless nicotinamide was added very little demethyl- 
ation of MMAP to 4-aminoantipyrine occurred in homogenates of rabbit 
liver. This suggested that DPN or TPN might be required, though the 
addition of these coenzymes did not increase the extent of demethylation in 
the presence of nicotinamide. A definite requirement for TPN was dem- 
onstrated after decreasing the endogenous supply of pyridine nucleotides 


by preincubation of the homogenate without added nicotinamide at 37° | 


for 8 minutes. The activity of the homogenate was reduced by about 
half by this procedure, but could be restored by the addition of TPN but 
not by DPN. 

Further evidence that TPN was essential for dealkylation activity was 
obtained after dialysis of the homogenate overnight at 6° against 0.02 mM 
phosphate buffer, pH 7.4. The resulting loss of activity could be partially 
restored by the addition of TPN but not by DPN. Other requirements 


were also evident after dialysis of the homogenate (Table I). Mgt* in- © 


creased the activity of the dealkylation system, though the concentration 
required for maximal activity was rather large, about 0.015 Mm. The addi- 
tion of glucose-6-phosphate also stimulated the activity, nearly doubling 
the extent of dealkylation. Mg?* and glucose-6-phosphate also increased 
the activity of the undialyzed homogenate, but to a much smaller extent. 

Oxygen was found to be required for dealkylation activity. For example 
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when 5 ywmoles of MMAP and the supplemented liver homogenate were 
incubated with air or oxygen as the gas phase, 1.76 and 1.75 ywmoles, re- 
spectively, of 4-aminoantipyrine were formed. In contrast, 0.06 umole 
was produced in the reaction carried out in an atmosphere of nitrogen. 

Variation of the pH of the incubation medium showed that optimal 
activity occurred in the range of 6.8 to 7.5 and was considerably reduced 
above or below these values. 

The amount of 4-aminoantipyrine determined after various periods of 
incubation showed that no further demethylation took place after 1 hour 
with amounts of substrate ranging from 1 to 5 umoles. At this time about 
one-third of the substrate had been dealkylated. On the addition of more 


TABLE I 


Requirements for Enzymatic Demethylation of Monomethyl-4-aminoantipyrine by 
Dialyzed Liver Homogenate 


2 ml. of liver homogenate were dialyzed overnight against 0.02 m phosphate buffer 


and then incubated for 1 hour at 37° with 5 umoles of MMAP and additions, as indi- 
cated, in a final volume of 5 ml. 


Nicotinamide, TPN, 0.2 umole | Mg*+, 75 umoles | Glucose-6-phos- DPN, 0.2 umole 4-Aminoanti- 


100 ymoles phate, 15 umoles | pyrine formed 
| | pmoles 
+ ~ 0.64 
+ + + 0.87 
+ 4 + + - 1.54 
+ - + + : + 0.26 


substrate no further activity was observed, indicating that the enzyme 
system had been inactivated during the incubation period. 

Location of Dealkylation Enzyme System within Liver Cell—Rabbit liver 
homogenates were centrifuged at 9000  g for 10 minutes to sediment 
nuclei and mitochondria. Dealkylation activity was found to remain 
entirely in the supernatant fraction which contained the microsomes and 
the soluble enzymes (Table IT). 

The intracellular location of the dealkylation enzyme system was deter- 
mined more precisely by fractionating rabbit liver homogenates by differ- 
ential centrifugation with isotonic sucrose, as described by Schneider and 
Hogeboom (16). The microsomal fraction was washed once with isotonic 
sucrose and suspended in 0.1 M phosphate buffer, pH 7.4, and the soluble 
fraction was dialyzed overnight at 6° against 0.01 mM phosphate buffer, pH 
7.4. Assay of the cellular fractions for dealkylation activity indicated that 
components of both the microsomal and soluble fractions were necessary 
for dealkylation activity (Table II). 
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Réle of Soluble Fraction—The requirement for TPN and oxygen in the 
dealkylation system at first suggested that removal of the methyl group 
involved dehydrogenation, TPN acting as a hydrogen acceptor. But, as 
shown in Table I, dialyzed liver homogenate produced much lower de- 
alkylation activity if glucose-6-phosphate was omitted. In addition, the 
soluble fraction of the cell contained considerable glucose-6-phosphate 
dehydrogenase activity as measured spectrophotometrically (17). This 
suggested that TPN was converted in the complete system to the reduced - 
form. Experiments were therefore undertaken to see whether the actual 
cofactor was TPNH. Washed microsomes were incubated with MMAP, 


TaBLeE II 
Cellular Localization of Enzyme Activity 


Cell fractions were incubated with 5 uwmoles of monomethyl-4-aminoantipyrine 
as described under ‘‘Methods,”’ except that 30 wmoles of glucose-6-phosphate were 
also added. 


! 4-Aminoantipyrine formed 


| pmoles 
Soluble fraction of supernatant§..........0............. 0.05 
Microsomes + soluble fraction.......................... 1.45 


* Homogenate (equivalent to 0.66 gm. of liver) prepared in phosphate buffer, pH 
7.4, as described in ‘‘Methods.”’ 

t Supernatant fraction (equivalent to 0.66 gm. of liver) prepared by centrifuga- 
tion of homogenate for 10 minutes at 9000 X g to remove nuclei and mitochondria. 

t Microsomes (equivalent to 0.66 gm. of liver) prepared in isotonic sucrose (16). 

§ 2 ml. of dialyzed soluble fraction equivalent to 200 mg. of liver. | 


glucose-6-phosphate dehydrogenase, glucose-6-phosphate, and TPN in the 
absence of the soluble fraction of the cell. Under these conditions high 
dealkylation activity was observed (Table III). The soluble fraction could 
also be replaced by glucose dehydrogenase, glucose, and TPN. Direct 
evidence that TPNH was involved in dealkylation was obtained when the 
addition of chemically prepared TPNH to MMAP and washed microsomes 
effected the formation of 4-aminoantipyrine (Table III). As would be 
expected, DPNH could not replace TPNH in these experiments. It may 
be concluded, therefore, that the dealkylation enzyme system is located in | 


the microsomal fraction of the liver cell and that the soluble fraction partici- 
pates in the over-all reaction by maintaining TPN in its reduced form. , 

The effect of Mg++ ion was measured in a system consisting of micro- | 
somes, MMAP, and TPNH. Equivalent dealkylation activity was ob- | 
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served with or without the addition of 75 wmoles of Mg++. It may be 
presumed, therefore, that the stimulation previously noted in liver homog- 
enates by Mgt* is due to an effect of the ion on the enzyme system which 
produces TPNH in the soluble portion of the cell. 

Other Cofactors Tested—The following cofactors failed to increase activity 
when added to the liver homogenate system containing monomethy]l-4- 
aminoantipyrine: 30 y of flavin adenine dinucleotide, 200 y of flavin 
monophosphate, 15 y of folic acid, 5 umoles of ascorbic acid, 4 y of vitamin 


TABLE III 
Requirement for TPNH in Dealkylation of Monomethyl-4-aminoantipyrine 
by Liver Microsomes 
Microsomal preparations equivalent to 1 gm. of liver were incubated with 5 umoles 
of MMAP as described under ‘‘Methods,”’ except that 30 umoles of glucose-6-phos- 
phate were also added. 


Components one yrine 
pmoles 
Microsomes + 2 ml. dialyzed soluble fraction + 0.2 umole TPN.... 2.21 


* A total of 7 umoles of the reduced pyridine nucleotides was added to the incuba- 
tion system, 2 wmoles at zero time and 1 ymole at 10 minute intervals thereafter, 
since both reduced coenzymes disappeared rapidly even in the absence of substrate. 
Mg*t and glucose-6-phosphate were omitted. 


By, 15 units of coenzyme A, 50 umoles of cysteine, and 5 wmoles of gluta- 
thione. 

Inhibitors of Dealkylation—The dealkylation system was not inhibited 
by cyanide, azide, fluoride, or iodoacetate at 1 & 10° m concentration. 
Cytochrome c, 4 X 10-5 M, and vitamin K, 1 X 10-* mM, produced about 30 
per cent inhibition. 10 umoles of pyruvate, a-ketoglutarate, or citrate had 
no inhibitory effect. However, diphenylpropylacetic acid and its ester 
diethylaminoethyl diphenylpropylacetate (SKF 525-A), which have been 
shown to inhibit the biotransformation of a large variety of drugs (18, 19), 
exerted a marked inhibition. At 2 X 10-4 m concentration these com- 
pounds inhibited the demethylation of aminopyrine and MMAP by about 
per cent. 

Substrate Specificity—-The metabolic removal of alkyl groups by rabbit 
liver homogenate was compared in a series of aminopyrine homologues. 
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The data in Table IV show that the monosubstituted compounds are more 
easily dealkylated than the disubstituted homologues and that the extent 
of dealkylation decreases with increasing size of the alkyl] group. 

Products of Reaction—The fate of the methyl groups removed from 
aminopyrine was determined by radioactive and chemical procedures, 
In preliminary experiments 5 umoles of C'-methyl-labeled aminopyrine 
containing 57,000 c.p.m. were incubated with the supplemented rabbit liver 
homogenate preparation to determine whether the methyl groups were 
oxidized to carbon dioxide. C™QOs, equivalent to about 75 per cent of the 
methyl groups removed from aminopyrine (as calculated from the amount 
of 4-aminoantipyrine formed) was recovered. The deproteinized incuba- 
tion mixture was analyzed for labeled formaldehyde and was found to 


TaBLE IV 
Dealkylation of Various Analogues of Aminopyrine by Liver Homogenate 
5 wymoles of each alkylamine were incubated with liver homogenate as described 
under ‘‘Methods.”’ 


pmoles 
Monomethyl-4-aminoantipyrine....... 1.93 36 
Dimethy]-4-aminoantipyrine (aminopyrine). 0.62 11 
0.60 11 
Diethyl-4-aminoantipyrine.... 0.29 6 
Dibutyl-4-aminoantipyrine........................ 0.10 1 


contain about 5 per cent of the methyl group activity as this compound. 
The presence of traces of formaldehyde raised the possiblity that the methyl] 
groups in aminopyrine were converted to formaldehyde, the major portion 
of which then underwent oxidation to carbon dioxide. 

Conclusive evidence that formaldehyde was a primary product in the 
demethylation of MMAP in the rabbit liver homogenate was obtained by 


trapping formaldehyde with 0.01 mM semicarbazide. At the end of the | 


incubation period the trapped formaldehyde was found to be equivalent 
to the 4-aminoantipyrine formed (Table V). 2 moles of formaldehyde 
were found for each mole of 4-aminoantipyrine produced with aminopyrine 
as substrate, indicating that both methyl groups of this compound are 
converted to formaldehyde. 


The results in Table V show that about twice as much MMAP or amino- f 


pyrine disappeared as could be accounted for by the appearance of 4-amino- 
antipyrine or formaldehyde, indicating that another metabolic pathway 
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for these substrates is present in liver. Preliminary work reveals that the 
system which catalyzes this unknown pathway is also present in micro- 
somes. 

By analogy from the fate of the methy] groups, it might be expected that 
an ethyl group attached to nitrogen would be converted to acetaldehyde. 
The fate of the ethyl group in monoethyl-4-aminoantipyrine was studied 
after incubation of 5 umoles of substrate in liver homogenate in the presence 
of 0.01 mM semicarbazide. The aldehyde arising from dealkylation of 
monoethyl-4-aminoantipyrine was identified as acetaldehyde by deter- 
mination of the absorption spectrum of its derivative with p-hydroxydi- 
phenyl (15). Authentic samples of formaldehyde, acetaldehyde, and 
glycolaldehyde after reaction with this reagent gave characteristic absorp- 
tion peaks at 605, 560, and 585 muy, respectively. Glyoxylic acid did not 


TABLE V 
Formation of 4-Aminoantipyrine and Formaldehyde from Monomethgl-4-amino- 
antipyrine and Aminopyrine by Liver Homogenate 
5 uymoles of substrate were incubated with liver homogenate as described under 
“Methods.”’ 


! | 
4-Aminoantipyrine Formaldehyde | Substrate 
Substrate | forme | formed | disa ppeared 
| pmoles | pmoles | pmoles 


| 0.35 | 0.70 | 0.75 


form a colored derivative. The p-hydroxydiphenyl] derivative formed with 
the aldehyde from monoethyl-4-aminoantipyrine had an absorption spec- 
trum identical with that formed with acetaldehyde. Balance studies 
showed that acetaldehyde and 4-aminoantipyrine were formed in equivalent 
amounts (0.35 umole). 


DISCUSSION 


Kxperiments described in this paper indicate that there is an enzyme 
system in liver which catalyzes the oxidative demethylation of aminopyrine 
as outlined by the accompanying equations. This pathway postulates 
that the methyl groups are removed from aminopyrine in a stepwise fashion. 
It has not been possible to show this directly, since MMAP, the mono- 
methyl derivative, is demethylated considerably more rapidly than is 
aminopyrine. 

The dealkylation enzyme preparation has several unusual features: it 
requires both TPNH and oxygen; it is unusually non-specific; and it is 
localized in liver microsomes. 
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A requirement for both TPNH and oxygen was previously reported for 
the enzyme system which deaminates amphetamine (20). The require- 


/ 
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CH, \ar/ CH, / 
CH; CH; 
Aminopyrine / Monomethyl-4-aminoantipyrine 
Alternative pathways H 
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H 
\ | 


4-Aminoantipyrine 


ment for both of these factors is difficult to expla. The possibility is | 
being explored that one enzyme component in the system is a flavoprotein — 
and that hydrogen peroxide formed in the process of oxidation of TPNH | 
may be utilized in the dealkylation reaction. 

The wide range of foreign compounds dealkylated by the microsomal | 
enzyme preparation is indicated by work now in progress. Other com- 
pounds dealkylated by liver microsomes include quinacrine (Atabrine), 
meperidine (Demerol), N-dibenzyl-8-chloroethylamine (Dibenamine), 
methylamphetamine, methylaniline, and ethylaniline. However, epi- 
nephrine is not demethylated by the microsomal preparation. It is not yet | 
known whether one or several systems are involved in the demethylation of 
various methylated alkylamines, nor even whether the same enzymatic 
mechanism is capable of removing methyl, ethyl, and butyl groups. The 
enzyme system in rat liver described by Mueller and Miller (14), which 
demethylates 4-dimethylaminoazobenzene and related dyes, is similar in | 
some respects to the system which demethylates aminopyrine. Under | 
Mueller and Miller’s experimental conditions, however, both DPN and 
TPN are required for the demethylation of the dyes, and it has not been 
shown that the active cofactor is TPNH. 
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The nature of the normal substrate for the dealkylation enzyme system 
remains an open question. If there is a function other than the metab- 
olism of foreign compounds, it is most unusual that such a wide range 
of alkylamines is attacked. In an attempt to find a normally occurring 
substrate, the influence of the preparation on a number of methyl com- 
pounds normally found in the body is now under investigation. In this 
respect, it is of interest that enzyme systems which demethylate sarcosine 
and dimethylglycine have been reported by Mackenzie et al. (21) to be lo- 
cated in liver mitochondria. 

Recent work has shown that diethylaminoethyl diphenylpropylacetate 
(SKF 525-A) markedly prolongs the action of a variety of drugs in vivo by 
blocking their rate of biotransformation (18). Among the metabolic path- 
ways inhibited by SKF 525-A both in vivo and in liver homogenates are 
side chain oxidation (e.g., barbiturates), ether cleavage (e.g., codeine), 
deamination (e.g., amphetamine), and dealkylation (e.g., aminopyrine and 
ephedrine) (19). These findings suggested that a diversity of-drug meta- 
bolic pathways possessed a number of factors in common. Studies in this 
laboratory have shown that the systems which oxidize barbiturates (22), 
deaminate amphetamine (20), and cleave ethers® also require TPNH and 
oxygen and are localized in microsomes. Recent studies from this labora- 
tory (23) indicate that the enzyme system which hydroxylates aniline, 
acetanilide, and quinoline is also located in liver microsomes and requires 
oxygen and TPNH. 


SUMMARY 


Aminopyrine (dimethyl-4-aminoantipyrine) and its ethyl and butyl 
homologues are dealkylated in rabbit, rat, and guinea pig liver homogenates 
to yield 4-aminoantipyrine. The methyl groups of aminopyrine and mono- 
methyl-4-aminoantipyrine are converted to formaldehyde, and the ethyl 
group of the monoethyl homologue yields acetaldehyde. Both TPNH and 
oxygen are required, and the dealkylation system is located in the micro- 
somes. 

Diethylaminoethyl diphenylpropylacetate (SKF 525-A) inhibits the 
dealkylation of aminopyrine and monomethyl-4-aminoantipyrine. This 
inhibitor also affects the metabolism of a diversity of other types of drug en- 
zyme systems which are located in microsomes and require TPNH and 
oxygen. 
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THE ENZYMATIC DEAMINATION OF AMPHETAMINE 
(BENZEDRINE)* 


By JULIUS AXELROD 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, November 23, 1954) 


A previous study on the metabolism of amphetamine (1-phenyl-2-amino- 
propane), widely used as a stimulant of the central nervous system, showed 
that its major route of biotransformation in the rat and dog involved hy- 
droxylation of the aromatic ring. In the rabbit, however, the compound 
was not hydroxylated, but was found to be transformed in another man- 
ner (2). 

The present report describes an enzyme system in the rabbit which 
deaminates amphetamine to yield phenylacetone. It will be shown that 
the enzyme system is localized in the microsomal fraction of the cell and 
requires oxygen and reduced triphosphopyridine nucleotide. Furthermore, 
these studies indicate that there are inhibitory factors present in the liver 
of the dog, rat, and guinea pig which may explain, in part, the inability of 
these species to deaminate amphetamine. 

Materials—l- and d-amphetamine sulfate was obtained through the cour- 
tesy of the Smith, Kline and French Laboratories. /-Norephedrine hydro- 
chloride was kindly supplied by K. H. Beyer of Sharpe and Dohme. Tri- 
phosphopyridine nucleotide (TPN) and diphosphopyridine nucleotide 
(DPN) 80 per cent purity, glucose-6-phosphate dehydrogenase, and glu- 
cose-G-phosphate were obtained from the Sigma Chemical Company. Re- 
duced triphosphopyridine nucleotide (TPNH) was prepared by the proce- 
dure of Kaplan et al. (3). 

Methods— Amphetamine, ephedrine, norephedrine, and methylampheta- 
mine were determined by the methyl orange reaction of Brodie and Uden- 
friend (4) with benzene as the extractant, as previously described (2, 5). 
An essentially similar procedure was used for the estimation of 1-phenyl-1- 
aminopropane, 1-phenyl-3-aminobutane, phenylethylamine, isoamylamine, 
2-aminoheptane, and benzylamine with chloroform as the extractant. 
Tyramine was estimated according to Udenfriend and Cooper (6) and p- 

* A preliminary report of this work has appeared (1). The material in this in- 
vestigation will appear in a thesis in partial fulfilment of the requirements for the 


degree of Doctor of Philosophy in the Department of Pharmacology, Graduate 
Couneil, George Washington University. 
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hydroxyamphetamine according to Axelrod (2). Ammonia was estimated 
by the Conway microdiffusion procedure (7). 

Phenylacetone was determined by its reaction with 2 ,4-dinitropheny]- 
hydrazine as follows: An aliquot of biological material was transferred to a 
40 ml. glass-stoppered centrifuge tube containing 0.5 ml. of | N NaOH 


and 20 ml. of carbon tetrachloride (reagent grade) and shaken for 20 min- © 


utes. The tube was centrifuged and the aqueous phase removed by as- 
piration. The carbon tetrachloride extract was washed with 5 ml. of 
water to remove “blank” material which reacted with dinitrophenylhy- 
drazine. 15 ml. of the carbon tetrachloride phase were transferred to a 
40 ml. glass-stoppered centrifuge tube containing 5 ml. of 0.1 per cent 


2 ,4-dinitrophenylhydrazine in 2 nN HCl and shaken for 2 hours. The | 
aqueous phase was removed by aspiration and the organic phase washed — 


three times with 5 ml. portions of 2 N HCl to remove unchanged dinitro- 
phenylhydrazine. 6 ml. of the carbon tetrachloride extract containing 
the dinitrophenylhydrazone derivative of phenylacetone were transferred 
to a cuvette containing | ml. of 10 per cent KOH in ethanol, and the optical 
density was read in a spectrophotometer at 430 mu. A blank consisting of 
biological material carried through the procedure was set at 100 per cent 
transmission. Standards were prepared by adding a known amount of 
phenylacetone to biological material and proceeding as above. Phenyl- 
acetone added to biological materials in amounts from 0.5 to 5 uwmoles are 
recovered with adequate precision 90 + 6 per cent. 

Preparation of Tissue Samples—The preparation of all tissue samples 
was carried out at 0-3°. 


Male albino rabbits were stunned and exsanguinated. The livers were | 
immediately removed and homogenized with 2 volumes of 0.1 mM phosphate — 


buffer, pH 7, with a Potter-Elvehjem type of homogenizer. The homog- 
enates were centrifuged at 9000 X g for 10 minutes to remove unbroken 
cells, nuclei, and mitochondria, and the resulting supernatant fraction was 
dialyzed against 0.01 mM phosphate buffer, pH 7.0, for 20 hours. The super- 


natant fraction could be stored for at least 2 weeks at —10° without loss — 


of activity. 

The particulate fractions of liver were prepared by differential centrifu- 
gation of 12 per cent homogenates in 0.25 m sucrose (8). The nuclear 
fraction was sedimented by centrifugation at 600 * g for 10 minutes; the 
mitochondria at 9000 * g for 10 minutes; microsomes were separated from 
the soluble supernatant fraction by centrifugation at 78,000 x g for 45 
minutes. The microsomes were washed once with 0.25 mM sucrose and _ re- 


centrifuged. Particulate fractions were resuspended in a 0.1 M phosphate | 


buffer, pH 7.0, to a concentration 3 times that of the original homogenate. 
The particulate and soluble supernatant fractions were dialyzed against 
0.01 m phosphate buffer, pH 7.0, for 20 hours. 
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Measurement of Enzyme Activity—A typical incubation mixture was pre- 
pared as follows: In a 20 ml. beaker were placed 0.3 ml. of enzyme prep- 
aration (equivalent to LOO mg. of liver), 5 wmoles of nicotinamide, 0.1 
umole of TPN, 5 umoles of MgCl, 0.6 umole of --amphetamine, 0.5 ml. of 
phosphate buffer pH 7.4 (0.2 mM), and water to make a final volume of 4 
ml. ‘The mixture was incubated in a Dubnoff metabolic shaking apparatus 
for 2 hours at 37° in air. At the end of the incubation period an aliquot of 
the reaction mixture was immediately transferred to a 60 ml. glass-stop- 
pered bottle containing 0.5 ml. of 1 N NaOH and assayed for amphetamine. 
Enzyme activity was expressed as micromoles of amphetamine metab- 
olized. 

After the incubation the residual amphetamine was identified by com- 
paring its distribution ratios between buffers of various pH values and 
benzene with those of authentic amphetamine. The results indicated that 
the apparent amphetamine measured after incubation had the same solu- 
bility characteristics as authentic amphetamine and that the compounds 
were presumably the same. 


Results 


Tissue Distribution of Enzyme Activity—l-Amphetamine (0.6 umole) was 
incubated with 100 mg. of minced liver, lung, diaphragm, muscle, kidney, 
and brain of the rabbit under the conditions described under ‘‘Methods.” 
The liver metabolized 0.35 umole of l-amphetamine in 2 hours, while the 
other tissues were unable to metabolize the drug. 

Properties of Enzyme System—An undialyzed supernatant fraction of 
rabbit liver failed to metabolize l-amphetamine in appreciable amounts 
without the addition of nicotinamide and either TPN or DPN. Nicotin- 
amide presumably served to protect the pyridine nucleotides against 
enzymatic destruction (9). The effect of the two pyridine nucleotides 
was then examined in a supernatant fraction of rabbit liver dialyzed for 
20 hours. It was found that the activity of the dialyzed supernatant 
fraction was restored after the addition of TPN, while DPN was inactive 
(Fig. 1). Mg** stimulated activity about 10 per cent. Negligible activity 
was observed under anaerobic conditions, but incubation in air was as 
effective as incubation in oxygen. In phosphate buffers the maximal en- 
zyme activity occurred at pH 7.4, and the activity was sharply reduced 
below and above this pH. 

Rate of Metabolism—The rate of metabolism of l-amphetamine by the 
rabbit supernatant fraction is shown in Fig. 2. About 50 per cent of the 
drug was metabolized in 3 hours, with no further metabolism after this 
time. To examine the lability of the enzyme, the rabbit liver supernatant 
fraction was preincubated at 37° for 3 hours. On the addition of l-am- 
phetamine, no metabolism of the drug took place. 
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The relationship between substrate concentration and substrate dis- 
appearance js shown in Table 1. At concentrations of amphetamine vary- 
ing from 0.6 to 2.4 wmoles a constant amount of the drug was metabolized. 

Intracellular Localization of Enzyme System—Nuclear, mitochondrial, 
microsomal, and soluble supernatant fractions of the rabbit liver were sep- 
arated by differential centrifugation (8) and assayed for their capacity to 
metabolize l-amphetamine. Negligible enzyme activity was observed in 
each cellular fraction (Table I1). However, when the microsomal and 
soluble supernatant fractions were combined, the drug was metabolized 


1 atx T T 
0.3>- 
rey 
TPN 
0.2 
0.! 760.1 
xr 
a 
= 
@DPN <a 
002 006 0.10 © 2 3 4 
uM TPN OR DPN ADDED TIME IN HOURS 
Fic. 1 Fig. 2 


Fic. 1. Requirement for TPN. 0.3 ml. of dialyzed rabbit liver supernatant frac- 
tion was incubated for 2 hours at 37° with 0.6 wmole of /-amphetamine, varying 
amounts of TPN or DPN, and cofactors described under ‘‘Methods.’’ 

Fic. 2. Rate of metabolism of /-amphetamine. Six beakers, each containing 0.5 
ml. of rabbit liver supernatant fraction, were incubated at 37° with 0.6 wmole of 
l-amphetamine and cofactors described under ‘‘Methods.”’ 


almost as effectively as by the whole homogenate. From these observa- 
tions it was evident that factors present in both the microsomes and the 
soluble supernatant fraction were required to carry out the metabolism of 
amphetamine. 

Requirement for TPNH—The possible réle of the soluble supernatant 
fraction in the metabolism of amphetamine was examined by adding a 
number of substrates normally present in this fraction to the microsomes. 
It was found that by replacing the soluble supernatant fluid with TPN and 
either glucose-6-phosphate or isocitric acid, unwashed microsomes metab- 
olized amphetamine; washed microsomes in the presence of these factors 
were unable to metabolize the drug. These observations suggested that 
TPN-dependent dehydrogenases associated with the unwashed micro- 
somes were involved in the enzymatic conversion of amphetamine. In 
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the presence of glucose-6-phosphate, glucose-6-phosphate dehydrogenase, 
and TPN, washed microsomes metabolized amphetamine (Table IIT). 
These results suggested that reduced TPN was the actual cofactor and that 


I 
Relationship between Substrate Concentration and Substrate Disappearance 


0.3 ml. of rabbit liver supernatant fraction was incubated at 37° for 2 hours with 
various amounts of /-amphetamine and cofactors described under ‘“Methods.”’ 


l-Amphetamine added Amphetamine metabolized 
pmoles pmole 
0.12 0.12 
0.30 0.20 
0.60 0.25 
1.20 0.24 
2.40 0.22 
Tasie Il 


Intracellular Distribution of Amphetamine Deamination Activity 


Various intracellular fractions were prepared from rabbit liver by differential 
centrifugation as described under ‘‘Methods.’’ Aliquots of the various fractions 
equivalent to that contained in 100 mg. of whole rabbit liver were incubated at 37° 
for 2 hours with 0.6 wmole of /-amphetamine and cofactors described under ‘‘Meth- 
ods.” 


Intracellular fraction /-Amphetamine metabolized 

pmole 
Nuclei*. . 7 0.06 
Nuclei* and soluble supernatant 0.08 
Mitochondria and soluble supernatant. 0.02 
Microsomes and soluble supernatant | 0.20 


* This fraction contained unbroken cells and red blood cells as well as nuclei. 


TPN-dependent dehydrogenases in the soluble fraction of the cell served 
to generate this cofactor. To confirm this, the effect of chemically pre- 
pared TPNH on the metabolism of amphetamine by microsomes was ex- 
amined. Reduced TPN was found to be as effective as the supernatant 
fraction in promoting the metabolism of amphetamine by the washed 
microsomal fraction of rabbit liver (Table IIT). DPNH could not replace 
TPNH. From these results, it appears that the supernatant fraction 
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served to maintain a reservoir of reduced TPN by catalyzing the oxidation the 
of glucose-6-phosphate and other substrates and that the deamination of the 
amphetamine was mediated by a TPNH-dependent enzyme located in the ace 
microsomal fraction of the rabbit liver. 

Amphetamine Disappearance and Phenylacetone Formation—Supernatant ) 
fluid obtained from 20 gm. of rabbit liver was incubated at 37° for 1 hour 
with 100 wmoles of nicotinamide, 10 umoles of TPN, 100 wmoles of MgCl., 
120 uwmoles of l-amphetamine, 10 ml. of phosphate buffer, pH 7 (0.2 m), Mg! 


and examined for the presence of phenylacetone, the deaminated metabo- ents 
lite of amphetamine. Apparent phenylacetone formed in the enzymatic a 
ume 
III 0.3, 
Requirement for Reduced TPN a 
0.3 ml. of liver microsomal fraction, 0.6 wmole of l-amphetamine, 5 wmoles of Ex 
MgCl., 5 umoles of nicotinamide, 0.5 ml. of 0.2 m phosphate buffer, pH 7.4, added | men 
cofactors, and water to make a final volume of 4 ml. were incubated at 37° for 2 hours. 
Cofactors added | l-Amphetamine metabolized | 
0.1 umole, glucose-6-phosphate 0.03 2 
phosphate dehydrogenase 1 mg........................ 0.25 
Soluble supernatant from 100 mg. of rabbit liver + TPN 
* These cofactors were added in five divided portions over a period of 90 minutes. 
deamination of amphetamine was extracted from the incubation mixture 
with carbon tetrachloride and treated with 2 ,4-dinitrophenylhydrazine as 
described under ‘“Methods.”” The absorption spectra of the hydrazone of 
the enzymatically formed phenylacetone and that of the hydrazone of an 
authentic sample of phenylacetone were identical. Further evidence for 
the identity of the hydrazone of phenylacetone was obtained by ascending 
paper chromatography with water, (butanol, and n-butanol (6:6:5) as 
the solvent system. The apparent and authentic hydrazones of pheny!l- Fr 
acetone were found to have the same PR» (0.70). bit li 
The quantity of phenylacetone in the enzymatic deamination of /-am- 05m 
phetamine was equivalent to only about one-half that of the /-ampheta- entes 
mine metabolized (Table IV). However, phenylacetone incubated with some: 


rabbit microsomes and TPNIHII was also metabolized. On incubation of hours 
0.5, 1, and 2 moles of phenylacetone with rabbit liver microsomes, about | “***! 


of 
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the same percentage of the phenylacetone disappeared. It was possible, 
therefore, to make an approximate correction for the metabolism of phenyl- 
acetone formed in the enzymatic deamination of l-amphetamine. The re- 


TaBie IV 
Enzymatic Deamination of l-Amphetamine to Phenylacetone 
Each beaker containing 1.5 ml. of rabbit liver microsomal fraction, 25 wmoles of 
MgCl, 25 umoles of nicotinamide, 2 ml. of phosphate buffer, pH 7.4 (0.2 m), added 
cofactors, substrates, and water to make a final volume of 10 ml. was incubated at 
37° for 2 hours. Experiments 1 and 1A contained 3 ymoles of TPNH added in five 
divided portions over a period of 90 minutes. Experiments 2 and 2A contained 10 
umoles of glucose-6-phosphate, 1 mg. of glucose-6-phosphate dehydrogenase, and 


Experi- ‘Amphetamine Phenylace- amount 
ment No. Substrate added metabolized | tone found a. ——- 
formed 
pmoles | pmole | per cent pmoles 
1 1-Amphetamine 4 wmoles 1.26 0.63 1.21 
1A Phenylacetone 1.0 wmole 48 
2 {t-Amphetamine 4 smoles 1.10 , 0.66 1.02 
2A —~Phenylacetone 1.0 umole | 35 
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Fic. 3. Inhibition and activation of amphetamine-deaminating activity of rab- 
bit liver microsomes by rat liver microsomes. <A, each beaker contained 0.6 umole 
of l-amphetamine, 0.1 umole of TPN, 5 wmoles of MgCls, 5 umoles of nicotinamide, 
0.5 ml. of phosphate buffer, pH 7.4 (0.2 Mm), microsomal fraction and soluble super- 
natant fraction obtained from 100 mg. of rabbit liver, and varving amounts of micro- 
somes obtained from rat liver. The reaction mixture was incubated at 37° for 2 
hours. BB, same as A, but rat microsomes were preheated for 2 minutes in a boiling 
water bath. 
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sults shown in Table IV indicate that about | mole of phenylacetone was 
formed for each mole of amphetamine metabolized. 

From 50 to 100 per cent of the theoretical amount of ammonia was 
found to be liberated in the enzymatic deamination of amphetamine, but, 


TaBLe V 
Substrate Specificity 


0.3 ml. of rabbit liver supernatant fraction was incubated at 37° for 2 hours with 
0.6 wmole of substrate and cofactors as described under “Methods.”’ The reaction 
mixture was examined for the amount of substrate remaining. In the absence of 


Substrate Relative activity 
| per conl 
l-Amphetamine............ 100 
d-Amphetamine.......... | 27 
l-p-Hydroxyamphetamine | 14 
l-Ephedrine............... | 150 
d-iphedrine. . 11 
l-Norephedrine..... 70 
dl-Methylamphetamine... 
dl-1-Phenyl-1-aminopropane 40 
dl-1-Phenyl-3-aminobutane 70 
| 30 
dl-a-Phenylethylamine*.. 27 
Tyramine*........... 0 
Benzylamine*..... | 0 
2-Aminoheptane 20 
Isoamylamine*.. . 0 


* The supernatant fluid was preincubated at 37° for 10 minutes with 104  iso- 
propylisonicotinylhydrazine before the addition of substrates metabolized by mono- 
amine oxidase. At this concentration isopropylisonicotinylhydrazine completely 
inhibits monoamine oxidase activity (10) without effecting amphetamine-deaminat- 
ing activity. 


owing to the relatively large amounts of endogenous ammonia also formed 
by the enzyme preparations, an accurate balance study could not be made. 

Enzyme Activity in Various Species—The activity of the amphetamine- 
deaminating enzyme was examined in dog, guinea pig, and rat liver super- 
natant fraction. Only small amounts of enzyme activity were found in 
these species compared to the rabbit. The possibility was entertained 
that the low degree of deamination activity resulted from inhibitory factors 
in microsomes. ‘This was examined by measuring the effect of microsomes 
of dog, guinea pig, and rat liver on the enzyme activity of rabbit micro- 
somes. The activity of the rabbit liver microsomes was markedly de- 
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pressed in the presence of the microsomes of these species. On the other 
hand, the rabbit microsomal enzyme was not inhibited by the soluble 
supernatant fractions of dog, guinea pig, or rat liver. These observations 
indicated that an inhibitory factor was present in the microsomes of dog, 
guinea pig, and rat liver. Fig. 3, A shows the inhibitory action of rat 
microsomes on the amphetamine-deaminating activity of rabbit liver 
microsomes. When the microsomal fraction of rat liver was heated at 
100° for 2 minutes prior to its addition to the rabbit enzyme, a marked 
stimulation of enzyme activity was observed (Fig. 3, B). These results 
indicate the presence of a heat-stable activating factor which is masked 
by a heat-labile inhibitory factor. Preheated microsomes of dog, guinea 
pig, and rabbit liver also possessed stimulatory activity. 

Substrate Specificity —VThe metabolism of a number of amines by rabbit 
liver supernatant fraction is recorded in Table V. Substrates having a 
phenylpropylamine or phenylbutylamine structure were extensively me- 
tubolized and the enzyme preparation showed relative specificity for the 
levo isomers. None of the amines were metabolized in the absence of 
TPN. It appeared that phenolic-substituted amines, phenylethylamines, 
and aliphatic amines were metabolized slightly or not at all. It was pos- 
sible that the arylamines could also be metabolized by hydroxylation of 
the aromatic nucleus. However, it seemed unlikely that the phenyliso- 
propylamines were hydroxylated in the rabbit, since it was demonstrated 
that this species could not hydroxylate these amines in vivo (2, 5). It 
seemed likely that the rabbit liver microsomal enzyme system metabolized 
the amphetamine analogues by deamination. 


DISCUSSION 


On the basis of the studies described in this paper, the over-all reaction 
for the enzymatic deamination of amphetamine is represented in the ac- 
companying scheme. Amphetamine is deaminated to phenylacetone and 
ammonia in the presence of reduced TPN and oxygen by an enzyme sys- 
tem which is localized in the microsomal fraction of the rabbit liver. <A 
reservoir of reduced coenzyme is maintained by TPN-dependent dehydro- 
genases and their oxidizable substrates present in the soluble supernatant 
fraction. 


Il. Hl H, 
C—C—CH, C—C—CH; + NH, 
O: 
TPNH ‘) 
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The enzyme which deaminates amphetamine differs from other deami- 
nating enzymes such as monoamine oxidase, D-amino acid oxidase, L-amino 
acid oxidase, and glutamic acid dehydrogenase with respect to its sub- 
strate specificity, cellular localization, and cofactor requirements. 

The role of reduced TPN in an enzyme system catalyzing the oxidative 
deamination of an amine is not understood. Reduced TPN could con- 
ceivably act by the generation of hydrogen peroxide through the transfer 
of its hydrogen by an intermediate electron transport system to molecular 
oxygen. Preliminary studies indicate that hydrogen peroxide generated 
from p-amino acid oxidase was unable to replace TPNH in the deamina- 
tion of amphetamine by rabbit liver microsomes. The activating action 
of heated rat microsomes suggests the requirement for other factors be- 
sides TPNH. The nature of the additional cofactor is unknown. 

Previous studies have shown considerable species differences in the me- 
tabolism of amphetamine in vivo (2). The dog and the rat transformed 
amphetamine mainly by hydroxylation, while the rabbit metabolized the 
drug, presumably by deamination. The species differences in the metab- 
olism of amphetamine may be explained in part by the presence of inhibi- 
tory factors in the dog and rat. Inhibitory factors in these species may 
act by blocking the deamination of amphetamine so that the drug is 
excreted unchanged or metabolized by alternative pathways involving 
hydroxylation. 

It is becoming increasingly evident that enzymes in liver microsomes 
which have a specific requirement for reduced TPN and oxygen are of 
major importance in the detoxification of many drugs and foreign organic 
compounds. Such enzyme systems have been found to carry out a variety 
of reactions such as dealkylation of alkylamines (11, 12), side chain oxida- 
tion of barbiturates,' cleavage of aromatic ethers,? and hydroxylation of 
aromatic compounds (13). Another property common to these enzyme 
systems is their inhibition by 8-diethylaminoethyl diphenylpropylacetate 
(14, 15). 


SUMMARY 


An enzyme system in rabbit liver microsomes catalyzes the deamination 
of amphetamine to yield phenylacetone and ammonia. The enzyme sys- 
tem requires reduced triphosphopyridine nucleotide and oxygen. The 
TPN-dependent dehydrogenases in the soluble supernatant fraction of the 
liver serve to maintain a reservoir of reduced triphosphopyridine nucleo- 
tide. 

Species differences in the metabolism of amphetamine may be explained, 
in part, by the presence of inhibitory factors in the microsomes of the dog 


1 Cooper, J. R., and Brodie, B. B., unpublished findings. 
2 Axelrod, J., unpublished work. 
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and rat liver. A heat-stable factor which can stimulate the enzymatic 
deamination of amphetamine is also present in the microsomes. 
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SYNTHESIS OF N-SUBSTITUTED GLUCOSAMINES AND THEIR 
EFFECT ON HEXOKINASE* 


By FRANK MALEY ann HENRY A. LARDY 


(From the Department of Biochemistry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, October 25, 1954) 


The enzyme hexokinase prepares carbohydrates for degradation by 
both the glycolytic and the direct oxidative pathways. For this reason, 
hormonal control of this enzyme in animals (1, 2) exerts a profound in- 
fluence on their carbohydrate metabolism. Because synthetic inhibitors 
of hexokinase have proved useful in kinetic studies (3), in identifying 
different hexokinases (4), and in elucidating the mechanism by which 
glyceraldehyde inhibits glycolysis (5), we have undertaken the synthesis of 
a new series of inhibitors of hexokinase in the hope that kinetic studies 
with these compounds might aid in elucidating the mode of action of the 
naturally occurring inhibitory or regulatory agents (6, 7). 

Harpur and Quastel (8) found that glucosamine is phosphorylated by 
brain hexokinase and suggested that it might possess antitumor activity 
because of its ability to deplete the adenosine triphosphate (ATP) supply 
(9). Since glucosamine competitively inhibits glucose phosphorylation 
(8), it seemed that the antitumor activity preliminarily reported (9) might 
have resulted from a decreased supply of utilizable carbohydrate rather 
than from a decreased supply of ATP. Better inhibitors of hexokinase 
were therefore sought and have been found in the form of N-substituted 
derivatives of glucosamine. As shown by Harpur and Quastel (8), N- 
acetylglucosamine is a competitive inhibitor of brain hexokinase, but, 
unlike free glucosamine, this derivative is not phosphorylated. Most of 
the compounds prepared here have been shown to behave in a manner 
analogous to N-acetylglucosamine, except for N-anisylideneglucosamine, 
which was found to be a non-competitive inhibitor of brain hexokinase. 

Of the compounds tested, none inhibited sarcoma 180 in mice. 


Synthesis of Glucosamine Derivatives 


Two alternative routes are available for the synthesis of N-acyl deriva- 
tives of glucosamine. The most direct method is the reaction of an acyl 


* This investigation was supported in part by a research grant (A-531) from the 
National Institute of Arthritis and Metabolic Diseases of the National Institutes of 
Health, Public Health Service, by a grant-in-aid from the American Cancer Society 
upon recommendation of the Committee on Growth of the National Research Council, 
and by a grant from the University Research Committee. 
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chloride with free glucosamine in an alkaline medium (10). This method 
proved successful for the synthesis of most of the compounds described in 
this paper, but it was found essential to purify the commercial glucosamine 
by the procedures of Breuer (11) and Westphal and Holzmann (12). 

A second procedure for the synthesis of N-acyl derivatives of glucosamine 
is that of Bergmann and Zervas (13), who synthesized benzoylglucosamine 
from the tetra-O-acetyl derivative of glucosamine. Their method locates 
the aroy] group specifically, but suffers the disadvantage of a small yield 
(30 per cent) in the removal! of the O-acetyl groups with NaOH. 

Other deacetylation methods which might improve the yield were there- 
fore sought. The catalytic barium methoxide method was found to give 
yields of 40 to 55 per cent. When this method was used, the anhydrous 
methanolic solution of the compound and barium methoxide was kept in 
the refrigerator for 24 hours, although deacetylation apparently proceeded 
as rapidly as the acetylated derivative was brought into solution. If 
desired, the barium may be removed with the aid of the cation exchange 
resin, IR-100-H (Rohm and Haas). This is usually not necessary, since the 
small quantity of barium present is removed in the process of purification 
by recrystallization. 

Deacetylation with ammoniated methanol (prepared by passing anhy- 
drous ammonia into anhydrous methanol) was found to be even more 
satisfactory. By this procedure the yields of deacetylated product aver- 
aged between 50 and 60 per cent. 

The preferred method for obtaining the aminobenzoylglucosamine 
derivatives was that of hydrogenating the deacetylated nitro derivatives 
in hot ethanol with PtO, as the catalyst. Larger quantities of the acety- 
lated nitro compounds could be handled at one time because of their greater 
solubility in ethanol, but it was found that, upon deacetylation of the 
resultant aminobenzoyl compounds, highly colored products were ob- 
tained. Only typical preparations by each of the two procedures and a 
typical reduction of a nitrobenzoy! derivative to the corresponding amino 
derivative will be described in detail. The other compounds were pre- 
pared in the same manner with only minor modifications in the solvent 
composition for recrystallizing. The analytical data, melting points, and 
rotations for the new compounds reported here are described in Table I. 

Absolute ethanol and methanol were prepared by the procedure of 
Lund and Bjerrum (14). The acid chlorides used were Eastman, white 
label grade, and melted with 1—2° of the literature values. 

Tetra-O-acetyl-N -(p-nitrobenzoyl)-p-glucosamine—A_ solution of 14.5 gm. 
of tetra-O-acetyl-p-glucosamine in 100 ml. of dry pyridine (distilled from 
BaO) was chilled to 0° and 8.1 gm. of p-nitrobenzoy] chloride were added. 
The solution was kept at 0° for 2 hours before pouring into 1 liter of rapidly 
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stirred ice water. The product solidified; it was collected by filtration, 
washed with water and cold ethanol, and dried; yield, 17 gm. The analyti- 
cally pure compound was obtained as long, white, thread-like crystals by 
repeated crystallization from absolute ethanol. 

N-(p-Nitrobenzoyl)-p-glucosamine—(a) The tetra-O-acetyl-N-(p-nitro- 
benzoyl)glucosamine (2 gm.) was dissolved in ammoniated absolute 
methanol (50 ml.) and allowed to stand at room temperature overnight. 
The resultant red solution was concentrated in vacuo until crystals began 
to appear, and was then placed in the refrigerator for several hours before 
filtering; yield, 0.8 gm. Recrystallization was accomplished from 95 per 
cent ethanol. (b) Deacetylation by the catalytic barium methoxide pro- 
cedure was accomplished by dissolving 5.4 gm. of tetra-O-acetyl-N-(p- 
nitrobenzoyl)glucosamine in 50 ml. of absolute methanol. 1 ml. of 2.5 
N barium methoxide was then added and the solution kept in the refrig- 
erator for 24 hours. The product was isolated from the yellow solution 
as described in (a) above; yield, 1.9 gm. 

Direct Synthesis of N-(p-Nitrobenzoyl)-p-glucosamine—A solution of 5 
gm. of glucosamine in 25 ml. of water was immersed in an ice bath and 
stirred vigorously while 5.4 gm. of p-nitrobenzoyl chloride were added in 
small portions. During the reaction, a total of 25 ml. of 1 N NaOH was 
slowly added so as to keep the pH of the solution between 8 and 9.!_ The 
temperature of the reaction mixture was kept below 5° at all times, and 
stirring was continued for 2 hours after the final addition. The mixture 
was then neutralized with HCl and, while still cold, the product was col- 
lected by filtration. It was purified by two recrystallizations from 95 
per cent ethanol; yield, 3.0 gm. 

N-(p-Aminobenzoyl)-p-glucosamine—A solution of 0.53 gm. of N-(p-ni- 
trobenzoyl)glucosamine in about 50 ml. of hot 80 per cent ethanol was 
shaken with 0.05 gm. of PtO. in an atmosphere of He. The initial rate of 
hydrogen consumption was very rapid. When the theoretical amount of 
Hy: for reduction of the nitro group had been consumed (5 to 15 minutes 
were required), the catalyst was filtered off. Crystals began to appear as 
the solution cooled. After the mixture had been kept at —5° to complete 
crystallization, the product was collected by filtration and dried in vacuo. 
A small additional quantity (12 mg.) was recovered by concentrating the 
filtrate in vacuo and crystallizing again at —5°. Yield, 0.324 gm.; the 
compound darkened when heated to 220°, but did not melt below 300°. 


Inhibition of Hexokinase by Glucosamine Derivatives 


The synthetic derivatives of glucosamine were tested as inhibitors of 
both brain and yeast hexokinase. An aqueous extract of beef brain ace- 


1 In some of the preparations (e.g., the phenylacetyl and phenylpropionyl! deriva- 
tives) better vields were obtained when 1 N Na.,CO; was used to maintain the pH. 
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tone powder (6) was dialyzed and lyophilized as described elsewhere (15). 
When this lyophilized preparation was dissolved in redistilled water and 
centrifuged at 100,000 X g for 30 minutes, from 85 to 90 per cent of the 
hexokinase activity remained in the clear supernatant solution. This is 
in marked contrast to extracts of fresh brain in which most of the enzyme 
is associated with particles which sediment at much lower centrifugal 
force (3). 

The manometric assay for hexokinase (16) was employed with conditions 
as described previously (15). Following a 10 minute equilibration period, 
ATP was tipped into the reaction mixture from a side arm. Manometer 


4} 
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Fic. 1. Competitive inhibition of glucose phosphorylation by N-(3,5-dinitro- 
henzoyl)-p-glucosamine. @, 0; X, 1.3 K 10-4 and O, 5 10-4 m N-(3,5-dinitro- 
henzoyl)glucosamine. The velocity is expressed in terms of microliters of COs per 
30 minutes. 


readings were made 5 minutes later and at 10 minute intervals thereafter. 
With glucose as the substrate, the velocities were calculated from the 
linear portion of the rate curve. For fructose, which has a much higher 
K, (15, 17), the initial velocity was estimated by extrapolating the ob- 
served values to zero time (15). 

Each inhibitor was tested at two concentrations in the presence of vary- 
Ing concentrations (from 0.001 m to 0.01 mM) of glucose and fructose. A 
flask containing all components except glucose or fructose was included in 
each experiment. None of the glucosamine derivatives tested was phos- 
phorylated at a detectable rate. The data were plotted according to Line- 
weaver and Burk, and the dissociation constants of the enzyme inhibitor 
complexes were calculated (18). Fig. 1 depicts the inhibition, by dinitro- 
benzoylglucosamine, of glucose phosphorylation. Since it is difficult to 
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measure K, for glucose manometrically (15), an arbitrary value of 1 K 10-4 
m (8, 15) was used to calculate K; for the various competitive inhibitors 
with glucose as the substrate. The results are summarized in Table II. 


TaBLeE II 
K; Values for Competitive Inhibition of Beef Brain Hexokinase by Glucosamine 
Derivatives 
Substrate 
Inhibitor | 
| Glucose | Fructose 
N-(p-Nitrobenzoyl)glucosamine............. 4x | 5 X 1075 
3.3 X 10°° 8.4 K 10° 
N-(3,5-Dinitrobenzoyl)glucosamine 1.1 X 4x 10-6 
2X 10-4 1.1 X 10-4 
1.5 X 104 8.1 
N-Benzoylglucosamine...................... | 3.6 X 1075 
4.6 X 10-4 
| | 8.6 X 
10 
1/S x 1072 


Fic. 2. Non-competitive inhibition of fructose phosphorylation by N-anisylidene- 
glucosamine. @, no inhibitor; O, 1.7 XK 10°3 m N-anisylideneglucosamine. The 
velocity is expressed in terms of microliters of CO, per 10 minutes. 


The K, values are only approximate because of complications in the assay. 
The brain hexokinase preparation contains phosphohexokinase and_ the 
CO, evolved results from phosphorylation by both enzymes. In the prep- 
arations of brain hexokinase tested, phosphohexokinase activity was equal 
to or greater than hexokinase, although this result may be more apparent 
than real (3, 19). Nonetheless, hexokinase was assumed to be the rate- 
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limiting enzyme in the assay. For these various reasons, no significance 
can be attached to the differences in K; values for any given inhibitor with 
glucose and fructose, respectively, as substrates. 

N-Anisylideneglucosamine? was found to inhibit fructose phosphoryla- 
tion by brain hexokinase in a non-competitive manner with a K; of about 
0.005 m (Fig. 2). 

The phosphorylation of glucose by yeast hexokinase was also inhibited 
by the glucosamine derivatives tested (Table III). Liver fructokinase 
was not significantly inhibited by 0.006 m N-(p-nitrobenzoyl)glucosamine. 


TaB_e III 
Inhibition of Yeast Hexokinase by Glucosamine Derivatives 
Compound tested Concentration Per cent inhibition 

N-(p-Nitrobenzoyl) glucosamine. . 5 X 107-3 24 
N-(m-Nitrobenzoyl)glucosamine.... 2X 10-3 47 
N-(3,5-Dinitrobenzoyl)glucosamine . . . 2.5 X 10-3 66 
N-(m-Aminobenzoyl)glucosamine.. 5 X 10-3 18 
N-(p-Aminobenzoyl)glucosamine 4X 1073 19 
N-Benzoylglucosamine .... 5 xX 10°% 20 
N-Phenylacetylglucosamine. 5 xX 6 
5 X 1073 6 


The substrate was 0.005 m glucose. 


Effect of Glucosamine Derivatives on Tumor-Bearing Mice? 


Several of the compounds synthesized were tested as possible inhibitors 
of tumor growth in mice. The techniques employed were similar to those 
of Quastel and Cantero (9), except that white mice bearing Crocker sar- 
coma 180 were used. The compounds tested and the daily dose per mouse 
were as follows: glucosamine hydrochloride, 5 mg.; N-(p-aminobenzoy]l)- 
glucosamine, 7 mg.; N-benzoylglucosamine, 6.6 mg.; N-(meta-nitroben- 
zoyl)glucosamine, 7.5 mg.; N-acetylglucosamine, 5 mg. In another experi- 
ment N-(dinitrobenzoyl)glucosamine was injected at 650 mg. per kilo of 
body weight each day for 5 days only. In no case was the growth of the 
tumors or the percentage of tumor regressions in the treated animals sig- 
nificantly different from that of saline-injected control mice. 


2 Dr. Robert Crane, Washington University, has tested this compound with the 
particulate brain hexokinase and obtained a A; value of about 0.01 mM with fructose 
as the substrate. Ie found dinitrobenzoylglucosamine to inhibit competitively with 
ak; of 10 mM. 

3 We are indebted to Dr. K. K. Chen, Dr. P. N. Harris, and Dr. J. Probst of the 
Lilly Research Laboratories for these assays. 
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DISCUSSION 


The competitive nature of the inhibition of phosphorylation indicates 
that the substituted glucosamine compounds combine with the active 
enzyme site, yet none of these compounds appeared to be phosphorylated, 
whereas free glucosamine is. Molecular models indicate that the sub- 
stituted group does not overlap the 6 position of the sugar, and, therefore, 
other reasons must be sought to explain their failure to become phos- 
phorylated. One possibility is that the substituent attached to the 2- 
amino position interferes with the ability of hexokinase to bind ATP. 
It appears that the intrinsic nature of the enzyme is such that the meta- 
substituted nitrobenzoyl derivatives of glucosamine are more effectively 
bound than the para-nitrobenzoyl or benzoyl! derivatives, with two nitro 
groups being 2 to 3 times as potent as one. 

The N-acy] derivatives of glucosamine are probably hydrolyzed by the 
various cathepsins in animal tissues, and this may be one reason for their 
failure to inhibit tumor growth. Other derivatives of glucosamine which 
are less likely to be hydrolyzed by tissue enzymes are therefore being syn- 
thesized, and their biological properties will be tested. 


SUMMARY 


The synthesis of the following N-acy] derivatives of p-glucosamine is 
described: m-bromobenzoyl-, phenylacetyl-, phenylpropionyl-, p-nitro- 
benzoyl-, m-nitrobenzoyl-, 3 ,5-dinitrobenzoyl-, p-aminobenzoyl-, and m- 
aminobenzoyl-p-glucosamine. 

These glucosamine derivatives are powerful competitive inhibitors of 
beef brain hexokinase (K; = 10-* to 10-* m) but are not phosphorylated. 
N-Anisylideneglucosamine was found to inhibit brain hexokinase in a non- 
competitive manner with respect to fructose. 
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THE EFFECT OF ESTROGEN ON THE PRODUCTION OF A 
PEROXIDASE IN THE RAT UTERUS* 


By FRED V. LUCAS, HAROLD A. NEUFELD, JAMES G. UTTERBACK, 
ARLENE P. MARTIN, anon ELMER STOTZ 


(From the Departments of Biochemistry and Pathology, The University of Rochester 
School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, October 21, 1954) 


MeShan and Meyer (1) observed an inhibition of the succinoxidase 
system of rat liver homogenate upon the addition of a small amount of 
diethylstilbestrol, hexestrol, and dienestrol. The locus of inhibition was 
considered to be cytochrome oxidase. Case and Dickens (2) amplified 
these observations by investigating a wider range of estrogens and chemi- 
cally related compounds of slight estrogenic potency. The “inhibition zn 
vitro of the suecinoxidase system by these compounds was found not to be 
correlated with estrogenic potency and the site of inhibition was not the 
same with the different estrogens studied. 

Hochster and Quastel (3) reported that oxidized diethylstilbestrol could 
act as a hydrogen acceptor in certain enzyme systems. In view of these 
findings and since this laboratory has been engaged in the separation and 
study of the “individual”? components of the succinoxidase system (4-7), 
it was of interest to investigate the various components of the succinoxidase 
system in the rat uterus following stimulation with estrogen. 

During the course of this study, it was found that the injection of estro- 
gens into the ovariectomized rat caused a pronounced activity of peroxidase 
in the uterus, whereas this activity was normally extremely low. Further, 
the peroxidase activity was related to the amount of estrogen injected. 


M el hods 


Kemale rats of the Wistar strain, weighing from 180 to 200 gm., were 
ovariectomized under aseptic conditions. 4 weeks after ovariectomy the 
animals were injected intramuscularly with 0.2 ml. of cottonseed oil for 
controls or with 0.2 ml. of a cottonseed oil solution of estrogen. The 
amounts of diethylstilbestrol or 178-estradiol used for injection were 0.05, 
0.10, 0.20, 0.30 mg. The rats were sacrificed by decapitation at intervals 
of up to 4 days after injection of the hormone. The uterus of each animal 
was quickly removed, stripped of visible fat, and chilled. The uteri of 
three rats were pooled and 20 per cent homogenates in cold 0.1 M NaoH PO,- 
KH.PO, buffer, pll 7.4, were prepared in a chilled all-glass homogenizer. 


* This investigation was aided by a grant from the Jane Coffin Childs Memorial 
Fund for Medical Research. 
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Deoxyribonucleic acid (IDNA) was determined by the method of Schnei- 
der (8) with the Dische reagent. DNA for standard solutions was prepared 
by the procedure of Kay, Simmons, and Dounce (9). After dialysis dry 
weights were determined for each preparation. 

Peroxidase activity was determined by a modification of the method of 
Smith, Robinson, and Stotz (10). The following procedure was employed. 
Toa test-tube (4 inch & 4 inches) were added 1.5 ml. of 0.2 mM phosphate- 
citrate buffer (Mellvaine), pH 6.0,0.1 ml. of 0.06 per cent hydrogen peroxide, 
0.5 ml. of 35 mg. per cent (approximately 0.001 mM) leuco dye, 0.1 ml. of appro- 
priate dilutions of tissue homogenate, and sufficient water to make a total 
volume of 3.0 ml. The leuco dye was prepared by dissolving 35 mg. of 
2 ,6-dichlorobenzenoneindo-3’-chlorophenol in 80 ml. of HLO and 20 ml. of 
the 0.2 Mm phosphate-citrate buffer, pH] 6.0. The dye was reduced by pass- 
ing a stream of hydrogen through the solution in the presence of palladized 
asbestos according to the method of Smith and Stotz (11). The rate of 
leuco dye oxidation was followed in the Lumetron colorimeter. A unit of 
peroxidase is defined as that amount of enzyme which causes a A log J per 
minute of 1.0 under the specified conditions of the test. Peroxidase ac- 
tivity is defined as units of peroxidase per ml. of solution. 

Catalase was determined by minor modifications of the method described 
by Sumner and Somers (12). 


Results 


The original plan of investigation had been to study the various com- 
ponents of the succinoxidase system in the uteri of ovariectomized rats 
following injection with varying amounts of estrogen. The first series of 
experiments was directed toward studying the possible changes in cyto- 
chrome oxidase. At first, it appeared that there were great increases in 
eytochrome oxidase activity in homogenates prepared from the uteri of 
ovariectomized, hormone-injected rats. It was found, however, that this 
activity was not dependent on eytochrome c. Instead, the activity was 
abolished by addition of crystalline catalase to the test system, showing It 
was dependent on the presence of hydrogen peroxide. It was therefore 
apparent that the dyve-oxidizing activity was due to a peroxidase, and 
apparently one not previously described as being present in the rat uterus. 

Before studying the response of the uterine peroxidase to estrogen admin- 
istration, preliminary experiments were designed to reveal certain properties 
of the enzyme which are pertinent for a valid assay method. The relation 
of the amount of homogenate of estrogen-stimulated uterus to the rate of 
the reaction studied is illustrated in Fig. 1. The linear relation obtained 
demonstrates that the initial rate of dve oxidation emploved in the assay 
is directly proportional to the amount of peroxidase present in the homog- 
enate. 
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The relation of hydrogen peroxide concentration to the rate of the perox- 
idase reaction is illustrated in Fig. 2. It is noted that the peroxide concen- 
tration in the reaction mixture for maximal rate of the reaction is 0.002 
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Fic. 1. Relation of the amount of homogenate to the rate of the peroxidase reac- 
tion. The ovariectomized rats were injected with 0.2 mg. of diethylstilbestrol and 
killed 72 hours later; a 20 per cent homogenate of the uteri was prepared and diluted 
1:100 with O.L M Na,HPO,y-KH,PO, buffer, pH 7.4, for the purpose of this experiment. 

Fic. 2. Relation of the hydrogen peroxide concentration to the rate of the per- 
oxidase reaction. 0.1 ml. of a 1:100 dilution of 20 per cent homogenate, prepared 
from uteri of hormone-stimulated rats, was employed for each determination. 
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pH OF REACTION MIXTURE 


Fig. 3. The effect of pH on the peroxidase reaction. All rates were corrected for 
the leuco dye oxidation in the absence of the enzyme. 


per cent and that the enzyme is inhibited somewhat at higher concentra- 
tions. 

A study of the effect of pH, recorded in Fig. 3, shows that an optimal 
rate of the reaction occurs at pH 6.0. At this pI neither the rate of autoxi- 
dation of the leuco dye nor the uncatalyzed oxidation of the dye by the 
peroxide was significant. 

Heating the homogenate at 90° for 5 minutes results in complete loss of 
peroxidase activity. Homogenates prepared in distilled water show a 
rather rapid loss of activity, while the activity of homogenates prepared 
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in 0.1 m NasHPOw-KH.PO, buffer, pH 7.4, remains essentially constant 
for several hours in the cold. A gradual loss in activity occurs when such 
homogenates are frozen for several months. 

Dependence of Peroxidase Activity on Estrogen—In order to evaluate the 
peroxidase activity of the tissue independently of the cell proliferation and 


Taste I 


Peroxidase Levels in Uteri of Ovariectomized Rats after Injection of 
Diethylstilbestrol and 178-Estradiol 


Hormone injected Peroxidase 


unils per me. unils perme. DNA 


—_ dry weight 
Diethylstilbestrol | 0.05 2.9 60.0 
os | 0.10 8.9 143.0 
0.20 18.0 300.0 
0.30 12.7 
178-Estradiol | 0.10 8.0 
0.20 16.5 


Each figure is the average of three separate experiments, and the homogenate for 
each experiment represents the pooling of three uteri. The animals were killed 
72 hours after intramuscular injection of the hormones. 


Taste Il 
Peroxidase Activity of Rat Uterus at Successive Intervals after Injection with 
Diethylstilbestrol 
Time of sacrifice after injection | Peroxidase 
24 | 6.0 
48 | 13.6 
72 18.0 
96 9.1 


Each ovariectomized animal was injected with 0.2 mg. of diethylstilbestrol. 
Each figure is the average of three experiments, and the homogenate used in each 
experiment represents three pooled uteri. 


other changes that occur after hormone stimulation, the activity was based 
on the deoxyribonucleic acid content as well as on the dry weight of the 
homogenates. 
were injected into the ovariectomized rats, and the peroxidase, deoxyri- 
bonucleic acid, and dry weight of the uteri were determined 72 hours after 
injection of the hormones. The results are presented in Table I. It is 
clear that the peroxidase activity of the uterus of the ovariectomized rat 
increases from a nearly negligible amount to high levels after injection of 


Graded doses of both diethylstilbestrol and 178-estradiol | 
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the hormones. The magnitude of the effect is essentially the same for 
diethylstilbestrol and 178-estradiol, and the response is a graded one for 
increasing amounts of diethylstilbestrol until a maximum of some 200-fold 
increase! is obtained at about 0.2 mg. The results are similar whether the 
peroxidase activities are based on deoxyribonucleic acid or dry weight, 
showing that the increase is independent of possible changes in cellularity 
of the tissue. 

In addition to dosage, the time which elapses after injection of the hor- 
mone also determines the peroxidase response in the uterine tissue. The 
data in Table II indicate that a maximal response is obtained at approx- 
imately 72 hours, with a lesser response at a later interval. 

Catalase E.ffect—Since catalase inhibits the apparent peroxidase activity 
in the assay system, it seemed possible that the observed peroxidase in- 
crease in the uterus after hormonal stimulation might actually be due to 
a decrease in catalase activity. It was shown, however, that the catalase 
activity was the same in unstimulated and stimulated uterine tissue, 
namely, a Kat. f. of 0.9. 


DISCUSSION 


The magnitude and rapidity of the response of peroxidase activity of 
the uterus to hormone stimulation are remarkable. Whether this repre- 
sents a rapid synthesis of the enzyme or whether the hormone plays a 
coenzyme-like réle is not evident from the experiments reported. In this 
connection it is of interest that both 178-estradiol and diethylstilbestrol, 
having dissimilar chemical structures but common physiological effects, 
elicit similar responses. 

The significance of the peroxidase response to tissue proliferation is of 
special interest and suggests a connection between peroxidase and the 
metabolism of normal and abnormal growing tissue. Since the rdle of 
peroxidase in animal tissue is poorly understood, the findings reported 
demand further study of the distribution of this enzyme and the mechanism 
by which it might participate in oxidative metabolism. Studies in these 
various directions are in progress in this laboratory. 


SUMMARY 


Injection of diethylstilbestrol or 178-estradiol into ovariectomized rats 
causes a pronounced peroxidase activity in the uterus. The magnitude of 


‘Since the peroxidase activity of the uterus of uninjected, ovariectomized rats is 
80 low as to be hardly measurable by the method employed, the inerease upon hor- 
mone injection may actually be more than 200-fold. The low activity of the control 
tissue may in fact be due to the non-enzymatie peroxidase activity of the small 
amount of hemoglobin present in the homogenate. Such non-enzymatic peroxidase 
activity remains low in homogenates of the hormone-stimulated uterus. 
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the response is related to the amount of hormone injected and is maximal 
72 hours after the injection. The significance of the findings to problems 
of hormone-enzyme relationships, of tissue proliferation, and of the réle of 
peroxidase in animal tissue is discussed. 
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METABOLISM OF COMPOUNDS RELATED TO 
3-HYDROXYANTHRANILIC ACID* 


By F. D’ANGELI,f RUTH E. KOSKI,{ ano L. M. HENDERSON 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


(Received for publication, October 22, 1954) 


The rdle of 3-hydroxyanthranilie acid (8-OHAA) as a niacin precursor 
has been clearly indicated by its growth-promoting activity in the nicotinic 
acid (NA)-deficient rat (1-3). The over-all conversion to pyridine nucleo- 
tides must be small, since a relatively large amount is required to substitute 
for NA. The limited conversion of 3-OHAA to NA or its equivalent 
indicated that some derivative of 3-OHAA, rather than 3-OHAA itself, 
might be the natural substrate. Several considerations suggested the 
amide (3-OHAAA) as a possibility. It seemed conceivable that this amide 
might be metabolized by a mechanism analogous to that proposed for the 
acid to give nicotinic acid amide (NAA), which appears to be the more 
physiological form of the vitamin. 

If the presence of the amide group were not advantageous for the direct 
conversion to pyridine derivatives, 3-OHAAA might still serve as a pre- 
cursor by conversion to 3-OHAA. If this amide were hydrolyzed as is 
anthranilamide (AAA) in rabbits (4), it might give rise to the acid in a 
particular form or in a particular site well suited for further metabolism. 

The possibility of utilization of anthranilic acid (AA) or its amide as a 
source of niacin was still attractive, despite the negative results obtained 
in vivo with the former (5). The hydroxylation of AA in the 3 position by 
rat liver preparations was reported by Wiss and Hellmann (6). They 
tentatively identified the product as the phosphate ester of 3-OHAA. 

Anthranilic acid, anthranilic acid amide, and 3-hydroxyanthranilamide 
were investigated with regard to their effectiveness in increasing the urinary 
excretion of NA and quinolinie acid (QA). The ability of anthranilie acid 
and 3-hydroxyanthranilamide to restore the growth of niacin-deficient 
rats was also tested. 3-Hydroxyanthranilamide and 3-hydroxyanthranilic 


* Supported in part by a grant from the United States Public Health Service (No. 
2674) and a grant from E. I. du Pont de Nemours and Company, Inc., to the Depart- 
ment of Chemistry and Chemical Engineering. 

t Present address, Istituto di Chimica Farmaceutica, Université di Padova, 
Padova, Italy. 

t Some of these data have been taken from a thesis submitted by R. EF. Koski in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Chemistry in the Graduate College of the University of Illinois. 
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acid methyl ester were checked as possible substrates for the 3-hydroxy- 
anthranilic acid-oxidizing enzyme of rat liver. 


EXPERIMENTAL 


Test Compounds—Anthranilic acid and tryptophan were purified com- 
mercial samples. Anthranilamide was prepared by reducing o-nitro- 
benzamide with FeSO,. It had a melting point of 112-113°, gave a violet, 
fluorescent spot with an Ry value of 0.80 when chromatographed on filter 
paper with the methanol-n-butanol-benzene-water system (2:1:1:1). 
3-Hydroxyanthranilamide, which has not been previously described, was 
synthesized as follows. 

2-Nitro-3-methox ybenzoic Acid (1)—-In a 500 ml., 3-necked flask provided 
with a very effective mechanical stirrer, dropping funnel, and thermometer, 
50 gm. of 3-methoxybenzoic acid were suspended in 130 ml. of acetic an- 
hydride; the mixture was chilled and treated dropwise for 1.5 hours with a 
carefully prepared mixture of 15 gm. of fuming nitric acid and 20 ml. of 
acetic anhydride at a temperature of 2°. The suspension was held at 
0-—5° for 12 hours and then diluted with 400 ml. of water and filtered. The 
undesired isomers were removed by extracting the mixture with 2 parts of 
boiling ethanol. The 2-nitro derivative was then crystallized from 95 per 
cent ethanol to give pale greenish yellow plates (yield, 19 to 23 per cent); 
m.p. 261—262°, as previously reported. 

2-Nitro-3-hydroxybenzoic Acid (I1)—-The demethylation was accom- 
plished by refluxing I with acetic acid and an excess of HBr (7). For 
example, 8.6 gm. of I, dissolved in 110 ml. of boiling acetic acid, were 
treated with 60 ml. of HBr (D = 1.48) and then refluxed for 24 hours. The 
solution was concentrated in vacuo to a yellow crystalline mass which was 
extracted with water. The aqueous extract was filtered and carefully 
concentrated in vacuo. Sweet, yellow needles were obtained (m.p. 173- 
174°; yield, 35 per cent). The product was sufficiently pure for further 
use (reported m.p. 180.8-181.5° (8)). 

2-Nitro-3-hydroxybenzamide (I11)—1.10 gm. of II, dried at 110°, were 
warmed gently on a water bath with 9.9 gm. of thiony! chloride until a 
clear red solution was obtained (10 minutes). This solution was con- 
centrated in vacuo at a temperature not exceeding 50°.' The acy! chloride 
was obtained as a red sirup, which was dissolved in 50 ml. of anhydrous 
chloroform; the solution was chilled to 0° and then saturated with anhy- 
drous ammonia, with 30 minutes exposure to a slow stream of gas. The 
suspension obtained was extracted with 15 ml. of water. The ammonium 


salt of the amide dissolved in the aqueous layer, from which the amide was | 


1 An explosion occurs if the nitroacyl halide is heated at higher temperature 
(50-100°) when SOCI1, is still present, in agreement with reports for similar nitroacy! 
halides (9). 
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obtained by adding hydrochloric acid to pH 4.5 and chilling. The erystal- 
line precipitate was practically pure 2-nitro-3-hydroxybenzamide (yield, 
88 per cent). The amide crystallized from 10 volumes of hot water in 
long, vellow needles; m.p. 174-176°. Its solubility in 95 per cent ethanol 
at 27° is about 7 per cent. The infra-red analysis gave the expected ab- 
sorption spectrum. 


C;H,OiN2. Calculated. C 46.16, H 3.32, N 15.38 
Found. ** 46.20, 3.16, 15.41 


3-H ydroxyanthranilamide (3-OH A AA )—0.36 gm. of IIT, dissolved in 10 
ml. of ethanol, was reduced with hydrogen in the presence of 0.15 gm. of 
palladium catalyst (6 per cent on SrCO;), the required amount of hydrogen 
being consumed in 90 minutes. The solution was filtered and taken to 
dryness in vacuo. The pink crystals were recrystallized from hot water in 
the presence of charcoal to give orange-yellow prisms, m.p. 157.5-159° 
(softening 153- 156°) on the Kofler micro block, and m.p. 155%5-156.5° in a 
capillary tube? (yield, 43 per cent). 


C;HsO2N2. Calculated. C 55.26, H 5.29, N 18.42 
Found. ** §5.27, ** 5.38, ** 18.15 


The infra-red spectrum confirmed the structure. 

3-Hydroxyanthranilic acid was prepared by simultaneous demethylation 
and reduction of I by the method of Spada and Gavioli (11) and purified 
according to Hegediis (12). 

Growth Studies—Young albino rats were obtained from the departmental 
colony, and litter mates were distributed in groups as evenly as possible. 
The rats were allowed to reach a weight of about 45 gm. and then fed ad 
lintum the nicotinic acid-free diet containing 0.1 to 0.2 per cent of added 
pDL-threonine (13). When the growth had ceased, the test compounds 
were administered in 0.8 m glucose or 0.9 per cent NaCl solution by intra- 
peritoneal injection. The solutions or suspensions were adjusted to pH 
6 to 7; 0.5 to 1 ml., containing 0.025 mmole, was injected once each day. 
Rats given a higher dosage (0.05 mmole) received two injections per 
day, 6 hours apart. The compounds were injected daily over a period of 
9 days or 21 days in different experiments, and body weights were recorded 
for 3 weeks. In Table I is shown the total average growth for each group 
of animals at the end of the period of administration. Neither anthranilic 
acid nor 3-hydroxyanthranilamide restored the growth of the deficient 
animals, while L-tryptophan and 3-hydroxyanthranilic acid were effective. 

* The same compound was obtained in less satisfactory yield by ammonolysis of 
the methyl ester of 3-OHAA in a sealed tube at 115° for 2 hours. The methyl ester 
was prepared by refluxing 3-OHAA with H.SO, in anhydrous CH;OH and recrystal- 


lized from benzene; the melting point and analysis agree with the reports of Musajo 
et al. (10). 
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To exclude any toxic effect of AA, L-tryptophan was administered to half 
of the animals still receiving AA. The deficiency symptoms disappeared 
and a marked increase of growth occurred within 2 days. No growth 
studies were made with AAA since the lack of conversion to pyridine deriva- 
tives reported below indicated that this compound, like AA, was not a 
precursor of nicotinic acid. 

In Vitro Studies—2 pmoles each of 3-OHAAA, 3-OHAA, or its methy! 
ester were incubated in Warburg flasks with 25 mg. of beef liver acetone 
powder extract in the presence of 10~-* m ferrous iron in an air atmosphere. 


TABLE I 
Replacement of Niacin for Growth of Rats 


Total average 


No. of rats Injected | Daily dose growth 


Experiment 1, 21 days duration; female rats 


mmole gm. 
2 L-Tryptophan 0.025 33.5 
3 Anthranilic acid 0.025 6.6 
3 0.05 5.0 
3 0.8 m glucose 4.6 

Experiment 2, 9 days duration; male rats 

3 L-Tryptophan 0.05 40.6 
4 3-Hydroxyanthranilic acid 0.05 37.0 
4 3-Hydroxyanthranilamide 0.05 2.25 
4 0.9% NaCl 1.75 


The oxygen uptake and the formation of quinolinic acid are shown in 
Table II. 

It is evident that the enzyme system which metabolizes 3-OHAA to QA 
does not act on the amide. The data obtained for the methyl ester indicate 
that it is partially oxidized apparently by a different pathway, since very 


small amounts of QA were formed in comparison with the control flask | 


containing 3-OHAA.? 

Excretion Studies—Growing or young adult male rats receiving the same 
nicotinic acid-free diet fed in the growth experiments were used to study the 
urinary excretion of NA and QA, following the administration of the test 


compounds. AA was fed by stomach tube, in aqueous solution, at a level. 
of 200 mg. per rat per day in three equal doses, or was injected intraperl_ 


toneally in 0.9 per cent saline solution at a level of 169 mg. per day in four 


3 We are indebted to Dr. Calvin L. Long for assistance with these experiments. 
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doses 3 hours apart. AAA was fed by tube at a daily level of 200 mg.; 
3-OHAAA was injected intraperitoneally at a level of 7.6 mg. per day 
(0.05 mm). The excretion data reported for this compound were obtained 
during the growth studies described above. 


A 24 or 48 hour control urine collection was usually made the day before | 


the compounds were given. The 24 hour experimental collection was 
TABLE II 


Oxidation of 3-Hydroryanthranilic Acid and Derivatives by Beef Liver 
Acetone Powder Extracts 


Oxygen uptake QA formed in 


| 
30 min. 60 min | 60 min. 
| pmoles | pmoles | poles 
3-OHAA methyl ester.............. | 0.59 0.85 | 0.18 
1.95 | 


TaBie III 
Conversion of Administered Compounds to Urinary Quinolinic Acid 


| | Average per cent conversion 
| Ist day 2nd day 3rd day 7th day 
gm. omg. 
5 130-200 AA 200 Per os* 
4 310-370 200 | 0.51 0.45 | 0.35 
4 | 310-370 169 Intraperitoneal 0.26 
7 | 135-235 AAA 200 Per os* 0 
4 40-80 3-OHAAA 7.6 | Intraperitoneal 0 0.09 
4 | 52-74 | LT 10.2. 5.6 
4 | 49-75 | 3-OHAA | 7.6. “ | 1.6 7 


* By stomach tube. 


started at the time of the first dose. All urine samples were collected under 
toluene and analyzed for nicotinic acid and quinolinic acid by using the 
Lactobacillus arabinosus 17-5 differential assay (3). 

The results are summarized in Table III. The percentage conversion 
is calculated from the increase of QA over that excreted in the control 
period. The data indicate that AA is metabolized to QA to a slight ex- 
tent, while AAA and 3-OHAAA do not give rise to a measurable increase 
in the QA excretion. These results are in agreement with the lack of 
growth reported above for AA and 3-OHAAA, 
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In view of the report of Bray et al. (4) that the rabbit hydroxylates AAA 
but not AA, it seemed to be of interest to ascertain whether the rat could 
accomplish these hydroxylations and whether the 3-OHAAA or any other 
product arising from these compounds could serve as precursors of QA. 
Unhydrolyzed urine from rats and rabbits which had received AA and AAA 
was given by stomach tube to rats. No increase in QA excretion resulted. 
Portions of the same urine samples, hydrolyzed by refluxing with 3 n HCl 
for 4 hours, gave rise to increased QA excretion by the rat when AAA, but 
not AA, was the compound originally administered. The increase was 
very small, indicating 0.04 to 0.1 per cent conversion of the amide ad- 
ministered, This may reflect oxidation of the AAA or simply extensive 
excretion of AAA unchanged. In the latter case, AA would arise by hy- 
drolysis and be partially converted to QA. 


DISCUSSION 


In agreement with previous reports (e.g. Krehl et al. (5)), anthranilic acid 
was unable to replace niacin for the growth of rats. It seems likely that 
very little oxidation of AA in the 3 position occurs in rats. Shirai (14), 
using rabbits, and Kotake (15), with rats, found only 5-OHAA in the 
urine, while Bray e¢ al. (4) could identify no hydroxylated products after 
administration of AA to rabbits. 

The fact that AAA did not give rise directly to urinary quinolinic acid, 
while AA did to a slight extent, suggests that the hydrolysis of the amide, 
which Bray et al. (4) estimated at 12 to 33 per cent in the rabbit, was in 
our experiments insufficient to result in the formation of enough AA to 
be detected by QA excretions. 

The results of experiments in vivo with 3-OHAAA reported here give 
evidence that the rat is unable to hydrolyze the amide linkage of the 
hydroxylated amide. This is in agreement with the data concerning the 
stability of the amide linkage in hydroxylated aromatic carboxamides in 
rabbits (16). The formation of 3-OHAA would have been manifested in 
restored growth and increased excretion of urinary pyridine derivatives, 
as was observed in 3-OH AA-treated control animals. 


SUMMARY 


1. 3-Hydroxyanthranilamide was synthesized and found to possess no 
niacin-replacing activity for the rat. It will not serve as a substrate for 
the 3-hydroxyanthranilic acid-oxidizing enzyme of liver. Thus the amide 
is not converted directly or by hydrolysis through 3-hydroxyanthranilic 
acid to pyridine derivatives. 

2. Slight hydroxylation of anthranilie acid and, possibly, of its amide by 


the rat was indicated by results of excretion studies. The hydroxylation 
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was insufficient to allow any demonstrable niacin-replacing activity in 
growth studies. 
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STUDIES IN VITAMIN E DEFICIENCY 


I. THE OXYGEN CONSUMPTION OF VARIOUS TISSUES 
FROM THE RABBIT* 


By HARRIS ROSENKRANTZ 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, 
Massachusetts) 


(Received for publication, October 25, 1954) 


It has been firmly established that a remarkable increase in oxygen con- 
sumption occurs in the skeletal muscle of animals with nutritional muscular 
dystrophy (1-9). The purpose of the present study was to ascertain 
whether other tissues from vitamin E-deprived rabbits also responded 
with an increased respiration.! In 1938 Telford et al. (10).reported no 
change in the rate of respiration of thyroid glands in vitamin E deficiency, 
and recently Weinstock et al. (11) have announced that particulate matter 
of liver homogenates from tocopherol-deprived rabbits respired at increased 
rates when incubated under suitable conditions. 

In the present investigation a significant alteration in the respiration of 
skeletal muscle and liver tissues from vitamin E-deficient rabbits was con- 
firmed. The new observation that the oxygen consumption of the adrenal 
glands is also elevated will be presented. On the contrary, neither heart 
muscle nor kidney tissue appeared to undergo a significant variation in 
respiration. It will be indicated that calcium occupied a necessary réle in 
the respiration increment of skeletal muscle, although calcium exerted an 
intense inhibitory effect on oxygen uptake. <A similar depression of the oxy- 
gen consumption of liver and heart tissue by calcium was observed, but the 
latter had little influence on the respiration of kidney and adrenal prep- 
arations. 


Methods 


Young, white New Zealand rabbits (600 to 1200 gm.) were raised on 
the purified diet employed by Young and Dinning (12), which contains 
15 per cent protein and the necessary quantities of starch, glucose, lard, 
cod liver oil, minerals, and crystalline vitamins to provide adequate but 
slow growth. The lard was assayed colorimetrically for tocopherols and 


* This investigation was supported by a grant from the Muscular Dystrophy 


Associations of America, Ine. 
' A preliminary report of this work was presented before the 126th meeting of the 


American Chemical Society, New York, September, 1954 (p. 58C, Abstracts of this 
meeting). 
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was found to contain no detectable quantity of ferric chloride-dipyridy]- 
reacting substances. Withdrawal of tocopherol or cod liver oil afforded 
diets deficient in vitamin E and vitamin A + D, respectively. The addi- 
tion of crystalline vitamin A to the diet lacking cod liver oil created a 
vitamin D-deficient diet. 

The animals were kept in glass metabolism cages and the daily urine 
collected for creatine and creatinine determinations. The diacetyl method 
for creatine as used by Umbreit and Tonhazy (13) for tissue studies was 
modified for the analysis of urinary creatine. A suitable urine aliquot, 
which was diluted 1:100 by the cage washings and additional distilled 
water, was allowed to react with 2 ml. of the alkaline naphthol and 1 ml. 
of the diacetyl reagent. The final volume was 6 ml., and after 10 to 15 
minutes the 520 mu absorption was measured in a Klett-Summerson photo- 
electric colorimeter. Creatinine estimations were performed via the Jaffe 
reaction. 

The daily consumption of food and increase in body weight were re- 
corded. Control animals were supplemented with 5 mg. of dl-a-tocopherol 
per day per os. Biopsies of skeletal muscle were taken at the time of 
sacrifice for histological estimation of the extent of nutritional muscular 
dystrophy. Samples of the rectus femoris from both legs were studied in 
the respirometry experiments. 

Litter mate vitamin-deprived and vitamin-supplemented rabbits were 
sacrificed by stunning after 7 to 27 days on the diet. The tissues were 
sliced in a Stadie microtome, and muscle strips were prepared by gentle 
dissection with forceps. Adrenals were studied as bisected glands and as 
tissue preparations of separated adrenal cortex and adrenal medulla. Suit- 
able quantities of tissue were incubated in a Krebs-Ringer-phosphate me- 
dium in the presence and absence of calcium at pH 7.32. Endogenous 
substrate of skeletal muscle was found to be low, and therefore incubations 
of all tissues were carried out with 0.1 ml. of 10 per cent glucose, which was 
tipped in from the side arm of 20 or 5 ml. vessels after a 15 minute equili- 
bration period. Linear oxygen uptake was obtained in the first 20 min- 
utes, and, although oxygen consumption was followed at least for 1 hour, 
Qo, was calculated from manometer changes observed at 4 minute inter- 
vals during the first 20 minutes.- All determinations were performed in 
duplicate or triplicate. 


Results 


Since no description of the sequence of appearance of the pathological 
symptoms resulting from this purified diet has been published, a few de- 
scriptive findings will be mentioned. Similar to the observations on the 
classical vitamin E-deficient diets (14), the onset of overt symptoms (loss 
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of appetite, decline in body weight, and muscular paralysis) occurred in 
approximately 3 weeks. However, unlike the results with partially puri- 
fied diets, a sharper end-point in the course of the disease was experienced. 
Within 2 to 3 days after a serious creatinuria was manifested (above 50 
mg. per 24 hours), body weight declined, food consumption halted, and in 
many instances death ensued before muscular paralysis became evident. 
In the present study it was desired to determine oxygen consumption at a 
time when presumably few irreversible biochemical or physiological alter- 
ations might have occurred. Therefore the animals were sacrificed when 
urinary creatine levels were below 20 mg. per 24 hours. No signs of histo- 
logical changes in skeletal muscle could be found under these conditions. 

Accurate creatine estimations were obtained with the diacetyl method, 
but some comment of this procedure should be expressed. Erroneously 
high levels of urinary creatine were observed in three situations: (a@) when 
urine was not sufficiently diluted, other amino acids may, significantly 
react with the reagents (15); (b) when unusually high creatinine concentra- 
tion exists, the creatine formed from the alkaline hydrolysis of creatinine 
will increase the color intensity; and (c) in animals with diarrhea there was 
profound increment in urinary material reacting with the diacetyl reagents. 
Animals exhibiting conditions (b) or (c) were rejected. Obviously, as 
creatinuria became elevated, further urinary dilution could be made. The 
diacetyl method has good sensitivity and was applied in the range of 10 to 
20 y. Approximately 80 rabbits have been studied, and the urinary crea- 
tine before the onset of nutritional muscular dystrophy ranged from 3 to 
5 mg. per 24 hours. Creatinuria was clearly demonstrated by this method 
as the disease progressed. Recoveries of creatine from rabbit urine aver- 
aged 99 + 6 per cent. The alkaline picrate procedure for creatinine indi- 
cated that little fluctuation of this urinary constituent (approximately 35 
mg. per 24 hours) occurred during the course of the disease. 

The earlier investigators of oxygen consumption in vitamin E-deprived 
animals utilized Locke’s, Tyrode’s, or Ringer’s solution for their incuba- 
tion media, and normally these all contain calcium. Although remarkable 
increments in Qo, on skeletal muscle were observed, absolute estimations 
of oxygen consumption appeared low for this tissue. At pH 7.32, the level 
used in the present study, calcium formed a precipitate, and it was de- 
cided to eliminate it from the Krebs-Ringer-phosphate buffer. It soon 
became obvious that little difference existed between the oxygen up- 
take of tocopherol-deficient and control skeletal muscle preparations (Table 
I) in the absence of calcium. 

The effect of calcium ions on Qo, of skeletal muscle in phosphate buffer 
(turbid solution) and in Tris buffer (tris(hydroxymethyl)aminomethane, 
clear solution) is shown in Fig. 1. A serious depression in muscle respira- 
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tion for both deficient and control tissue can be seen. The decrement in 
oxygen uptake occurred in slices and strips and was independent of pH in 
the range 6.5 to 7.5. Serial dilutions of calcium concentration from 0.0027 
to 0.0006 m resulted in a proportional descent in inhibition. Despite the 
inhibitor influence of calcium on Qo,, this mineral had to be included in 
the incubation medium in order to observe the increase In oxygen consump- 
tion of skeletal muscle from tocopherol-deficient rabbits (Table I). 

By utilizing the most favorable conditions obtainable, the oxygen con- 
sumption of skeletal muscle, cardiac muscle, adrenal glands, kidney, and 
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Fic. 1. The effect of Cat* on the oxygen uptake of skeletal muscle in phosphate 
and Tris media. X, vitamin k-deficient; @, control. Curves 1 and 2, phosphate 
buffer without Ca**; Curves 5 and 8, phosphate buffer with Ca**; Curves 3 and 4, 
Tris buffer without Ca**+; Curves 6 and 7, Tris buffer with Ca**. 


liver from tocopherol-deprived and tocopherol-supplemented animals was 
compared. The results (Table I) reveal significant increases in the oxygen 
consumption of skeletal muscle, adrenal tissue, and liver slices derived 
from the vitamin E-deficient animals. Neither kidney nor heart slices 
appeared to vary appreciably from control levels. The oxygen consump- 
tion increment of adrenal and liver tissue remained apparent in the pres- 
ence of calcium. 

In regard to the high oxygen consumption levels in the adrenals, the 
question arises whether the alteration in adrenal respiration is directly 
related to tocopherol deprivation or to a stress complication or to both. 
Furthermore it was of interest to determine whether the increased oxygen 
uptake occurred in the adrenal cortex or medulla or both these endocrine 
tissues. A comparison of oxygen consumption levels of litter mate to- 
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copherol-deprived and tocopherol-supplemented rabbits is presented in Fig. 
2. The oxygen consumption of adrenals from tocopherol-deprived ani- 
mals exceeds that of the controls by 50 to 130 per cent and the difference 
between deficient and control adrenals occurs approximately at 14 days. 


TABLE I 
Oxyger n Consumption of Tissues from tlamin E- Deficient Rabbits 


| | Qo,, wl. per hr. per mg. dry weight 


Tissue | Treatment 128 
Calcium vs No calcium cent 
change 
Skeletal muscle slices Control | 4 1.67 + 0.48) 4.17 + 0. 56) 
| | (0.99-2.39) (305-5. 28) 
Deficient 5 | 2.48 + 0.49 4.19 + 0.59 £0 
| | (1.76-3.31) (2.87-5.69) 
“ strips | Control | 9 | 2.26 + 0.74] | | 6.62 + 1.17 
| | (0.95~3.02) (4.18-8.86) 
Deficient) 12 | 3.48 + 0.85 le 
| | (2.42-5.78) (3.36-8.35) 
Adrenals, bisected Control + 0. + 0.55) 
| | (2.27-2.77) _, (1.26-3.92) 
“ “Deficient | 4.35 + 4.98 + 1.22/ 
| 78-4.91) | (3.13-7.68) 
KXidney slices — Control 4 | 7.28 + 0.82) | 8.91 + 2.19 
| 35-8.27) | (4.75-13.58) 
Deficient 6 | 6.68 + 1.31) 8.04 + 1.56 
| | (4.55-8.67) | | | (5.71-12.68) 
Liver slices Control | 3.05 + 0.77 1.68 
| | (1.94-4.16) (3.72-7.99) 
Deficient 3 5.03 + 1.04 11.23 + 1.21 | 
| (3.98-6.07) (10. 46-12.01) 
Heart slices — Control | 2 | 2.38 + 0.21 | 4.58 + 0.57 
| | (2.17-2.59)  (4.01-5.15) 
| Deficient, 2 | 2.53 + 0. +6 | 
| (2.28-2.78) | (4.04-5.16) 


* Tissue preparations from each rabbit were incubated either in duplicate or trip- 
licate. 
+ These values are derived from only two animals. 


The change in adrenal Qo, appeared before the variation in oxygen con- 
sumption of skeletal muscle was detected. Both histological and urinary 
creatine determinations indicated that no significant muscular alterations 
had ensued at the early emergence of the adrenal respiration increment. 
The increased respiratory metabolism of the adrenal gland was found to 
occur in the adrenal cortex, as can be seen in Table Il. The respiration 
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rates of adrenal cortical tissue from these animals and the controls on the 


purified diet were in the range of medullary preparations. Those of the , 
8 \ 
Tocopherol-deprived 
7} = supplemented 
< 
bt Y 
Uj 
Ny 5} | p 
b 
DAYS ON PURIFIED DIET m 
Fic. 2. A comparison of the oxygen consumption of adrenal tissue from tocoph- | bt 
erol-deprived and tocopherol-supplemented rabbits. by 
II 
Oxygen Consumption of Rabbit Adrenal Tissue 
OX 
VJo,, al. per hr. per mg. dry weight tw 
Treatment of rabbit litter mates - 
Bisected glands Adrenal cortex Adrenal medulla su 
an 
Normal stock diet 1.46 (1)* 2.03 + 0.32 (8) 1.71 + 0.23 (8) th: 
(1.42-3.09) (0.96-1.77) Th 
Purified diet + tocoph- | 2.44 + 0.55 (13) | 1.30 (1) 1.19 (1) 
erol (1.26-3.92) act 
Vitamin I)-deficient 4.98 + 1.22 (9) 5.25 + 1.10 (6) 2.95 + 1.56 (6) lat 
(3.13-7.68) (3 .06-7 .85) (0.96-5.00 ) 
“A 4+ D-deficient 10.27 + 2.53 (3) 1.30 + 0.62 (3) to 
(7 .59-14.06) (0.37-1.82) ha: 
D-deficient 1.76 (1) 1.37 (1) 
Pregnant, stock diet 4.99 + 1.27 (2) 1.70 + 0.52 (2) SIg) 
| (3.71-6.26) (1.18-2.22) 
Rabbit with broken leg, 7.74 (1) 0.86 (1) nec 
purified diet + tocoph- alre 
erol pro 
* The figure in parentheses indicates the number of animals studied. : f 
sho 
adrenal cortices from tocopherol-deficient rabbits were significantly ele- in 
vated. <A slight increment in the oxygen consumption of adrenal medulla (19 
from vitamin E-deficient animals was obtained, but may be due to incom- guil 
plete separation of cortical and medullary tissue. ture 
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‘To determine whether vitamin I. was responsible for maintaining normal 
oxidative processes in the adrenal or whether a non-specific chronic stress 
was exerted on the animals during a vitamin deficiency, rabbits deprived 
of vitamin A + I) were studied under identical conditions. Table I 
clearly shows that vitamin A + D deficiency resulted in a remarkable in- 
crease in adrenal cortical respiration. A significant stress was not ap- 
parent in vitamin D-deprived animals after 21 days, probably because 
potential stores of vitamin ID were available. 

The stress of vitamin deficiency was also compared to that of pregnancy 
(rabbits on stock diet) and a control rabbit whose leg was inadvertently 
broken (Table II). The oxygen uptake of adrenal cortex in both these 
conditions was markedly increased. 


DISCUSSION 


A definitive explanation for the increased oxygen consumption of skeletal 
muscle is still to be welcomed. The rédle of calcium must be elucidated, 
but it is known that the activity of adenosinetriphosphatase is influenced 
by calcium (16). Calcium has also been implicated in other enzyme sys- 
tems of muscle (17). 

Although the earlier workers (1-9) employed calcium in their media, the 
oxygen uptake of their skeletal muscle preparations was determined be- 
tween 2 and 3 hours after incubation commenced. It would seem that 
such estimations of oxygen consumption would sum all oxidative mech- 
anisms, including the variant ones. In the present study it was found 
that linear oxygen uptake occurred in the first 20 minutes of incubation. 
Therefore measurements during this interval probably represent the more 
active oxygen-requiring reactions, which presumably are more closely re- 
lated to the effects of tocopherol deficiency. 

The mechanisms influenced in liver tissue in vitamin E deficiency remain 
to be illuminated. An increased synthesis or turnover of liver creatine 
has been suggested by the work of Roche ef al. (18) who have reported a 
significantly higher incorporation of isotopic nitrogen into creatine in a case 
of progressive muscular dystrophy. Another possibility stems from the 
necessity of increased glucose synthesis for transport to muscle which is 
already depleted of glycogen and requires additional substrate for the 
processes involved in the elevated respiration. 

The findings on the adrenal indicate that other vitamin deficiencies 
should have a similar effect on adrenal oxygen consumption which could 
in part be referred to a non-specific chronic stress. McKee and Walker 
(19) observed an elevated respiration in the adrenal cortices of scorbutic 
guinea pigs. Although additional definitive data are lacking in the litera- 
ture, investigators have noticed that adrenal function is altered during the 
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deprivation of other water-soluble vitamins. Thus Olson and Deane (20) 
reported histological changes in the adrenals of choline-deficient weanling 
rats, and Forker and Morgan (21) found evidence of an impediment of the 
pituitary-adrenal cycle in riboflavin-deprived rats. [t is conceivable that 
influences on adrenal oxygen uptake could be recorded before the occur- 
rence of irreversible histological adrenal alterations in pantothenic de- 
ficiency (22). 

A preferable time for the investigation of biochemical reactions during 
nutritional deficiencies would be before the appearance of marked symp- 
toms of the disease, with the usual accompaniment of irreversible changes. 
The increase in adrenal Qo, as seen in the present study may be an ap- 
propriate index to such a suitable interval of study. Certainly in vitamin 
FE deficiency the alteration in the adrenal respiration was observed in ad- 
vance of all the previously observed pathological changes. 

It was of interest to note the activity in vitro of corticotropin (ACTH) 
(2.5 mg. of LA-1-A® per pair of adrenals) on the adrenals of tocopherol- 
deficient rabbits. In two experiments ACTH increased the cortical res- 
piration of vitamin E-deficient animals by 44 per cent, while the oxygen 
consumption of cortical slices of litter mate controls was raised by 85 per 
cent. Apparently there was an ability on the part of the adrenals to re- 
spond with a further increase in the already elevated oxygen uptake due to 
the vitamin deficiency. McKee and Walker (19) could not elicit a similar 
response with ACTH in their scorbutic guinea pigs. However, Quaife 
and Harris (23) obtained comparable adrenal ascorbic acid levels in vita- 
min E-deficient and control rats before and after adrenaline and cold 
stresses. This would agree with our finding that a reserve activity was 
available in the adrenals of the tocopherol-deprived animals. 


The skilful technical assistance of Mr. Judson Spaulding is gratefully 
acknowledged. 


SUMMARY 


1. Significant increments in the Qo, of skeletal muscle, adrenal, and liver 
tissue of tocopherol-deprived rabbits were found. Little effect was ob- 
served for heart and kidney preparations. 

2. Calcium was demonstrated to inhibit the Qo, of skeletal muscle, 
cardiac tissue, and liver slices, but, despite the inhibitory activity of cal- 
clum, the latter was necessary to reveal the increased Qo, of skeletal 
muscle. 

3. An increase in oxygen uptake of the adrenals occurred in the adrenal 
cortex and was elicited by other vitamin deficiencies and stress situations. 


2? Corticotropin, Armour Laboratories. 
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4. The possible origin of the increase in respiration rates of tissues from 


tocopherol-deficient rabbits is discussed. 
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PHOSPHOSERYLGLYCINE FROM DIISOPROPYLPHOSPHORYL 
CHYMOTRYPSIN AND INVERSION OF ITS PEPTIDE 
SEQUENCE BY ACID* 
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AND ROBERT R. ENGLE 
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Diisopropyl phosphorofluoridate (DFP) inactivates chymotrypsin to 
form the monophosphorylated derivative, diisopropylphosphoryl chymo- 
trypsin (DPChtr). It has previously been reported (2) that, when this 
derivative was partially hydrolyzed with 2 nN HCl at 100° for 18 hours, 
30 per cent of the DFP-derived phosphorus could be accounted for as 
serine phosphoric acid. Most of the remaining phosphorus was identified 
as phosphoric acid. Two other organic phosphorus-containing fractions, 
each accounting for about 1 per cent of the total phosphorus, have now 
been identified as phosphoserylglycine and glycylserine phosphoric acid. 
The former has been shown to give rise to the latter under the conditions 
of the acid hydrolysis, and evidence is cited which indicates that only phos- 
phoserylglycine represents the normal dipeptide sequence in DPChtr. 


EXPERIMENTAL 


P®-Labeled DPChtr—This was prepared as described previously! (2), 
except that the major part of the unchanged P® was removed by dialysis 
against distilled water rather than by salting out of the protein. The 
completeness of inactivation of chymotrypsin by DFP was checked by a 
determination of residual enzymatic activity (3); in all of our preparations 
this has amounted to a negligible part of the original activity. 

Partial Hydrolysis of DPChtr and Dowex 50 Chromatography—DPChtr 
in a concentration of 1 to 1.5 per cent was hydrolyzed with 100 ml. of 2 N 
HC] at 100° for 2.5 hours. A precipitate which formed was removed by 
centrifugation and washed with water. The HCl was removed from the 
supernatant fluid and washings by repeated evaporation to dryness under 
reduced pressure. The residue was dissolved in 5 ml. of 0.05 ~n HCP and 
chromatographed on a column of hydrogen form Dowex 50-X8 (200 to 


* Presented in part at the FPorty-fifth annual meeting of the American Society of 
Biological Chemists at Atlantie City (1). 

' The following error was present in the description of the preparation P*-labeled 
DPChtr: “34 ml. of P*-labeled DFP” should read ‘34 mg. of P®-labeled DFP.”’ 

* The solution contained a small amount of precipitate which was not separated. 
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400 mesh), 2.6 cm. in diameter and 100 cm. long, with 0.05 ~ HC! as the 
eluent at a flow rate varying from 18.5 to 61.5 ml. per hour in different 
preparations. Fractions, 2 or 4 ml. in volume, were collected with an 
automatic fraction collector. The phosphorus-containing substances thus 
separated were purified by rechromatographing them on a Dowex 50 
column, 0.83 em. in diameter and 100 cm. long, with 0.01 ~ HCl as the 
eluent at a flow rate of about 6 ml. per hour. 

Paper Chromatography— Two-dimensional paper chromatograms were 
prepared with the phenol and 80 per cent pyridine solvents of Block ef al. 
(4,5) with 9 inch square chromatographic Whatman No. | filter paper and 
the capillary ascent method of Williams and Kirby (6). An amount of 
the phosphorus-containing substance equivalent to | y of phosphorus was 
taken for chromatograms. Standard amino acids were used in 0.03 umole 
quantities. The chromatograms were developed with the ninhydrin 
reagent of Block ef al. (4). The position of the radioactivity was deter- 
mined by directly monitoring the papers. The amino acid constituents of 
peptides were determined by chromatographing the sample after complete 
hydrolysis with 0.5 ml. of 6 nN HCI at 100° for 16 to 20 hours. 

Nitrogen Terminal Residues—Nitrogen terminal residues of peptides 
were determined with the fluoro-2,4-dinitrobenzene (FDNB) (7) and 
nitrosyl chloride (8, 9) methods. 

In the FDNB method a sample of the peptide containing 4 y of phos- 
phorus was dissolved in 0.1 ml. of | per cent triethylamine, and to this was 
added a solution of 0.01 ml. of FDNB in 0.2 ml. of absolute ethanol. If 
the mixture was cloudy after shaking, a drop of ethanol was added. After 
standing overnight, 0.1 ml. of | per cent triethylamine was added, and the 
excess FDNB was extracted twice with | ml. of ethyl ether. The residue 
was evaporated to dryness and hydrolyzed with 0.5 ml. of 6 ~ HCI at 100° 
for 2.5 hours. When glycine was N-terminal, the hydrolysis time was 
reduced to 1 hour. After removal of the HC] one-half of the sample was 
chromatographed on paper. 


In the nitrosyl! chloride method a sample of the peptide containing 2 y | 


of phosphoius was dissolved in 0.03 ml. of 6 x HCl and transferred to the 
well of a microscope slide. The material was treated with nitrosyl! chloride 
in a gassing apparatus for 15 minutes at room temperature, transferred to 
a 15 ml. centrifuge tube, and dried with a stream of air. The drying was 
repeated twice after the addition of 0.05 ml. of 6. ~ TIC] each time. The 
resulting preparation was hydrolyzed with 0.5 ml. of 6 ~ HCl] at 100° for 
16 to 20 hours and chromatographed on paper. 

Analytical Methods—The positions of P®-containing fractions of the 
Dowex 50 chromatogram were determined by measuring the radioactivity 
of the solutions in test-tubes from the fraction collector when the tubes 
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were held in a rack in a fixed position against the window of the Geiger tube 
of a Tracerlab autoscaler. For accurate counting, aliquots of the frac- 
tions were made alkaline to phenolphthalein and evaporated to dryness in 
glass dishes of | inch diameter under an infra-red lamp. 

Samples for microbiological assay were hydrolyzed with 0.5 ml. of 6 N 
HCl at 100° for 24 hours. Serine and glycine were determined with Lacto- 
bacillus casei and Leuconostoc mesenteroides, respectively. The serine 
values were corrected for an estimated 10 per cent destruction during the 
hydrolysis (10). Colorimetric phosphorus determinations were carried out 
by the method of Fiske and Subbarow (11). Nitrogen was determined by 
the semimicro-hKjeldah! method. 


Results 


Dowex 5U Chromatography of Partially Hydrolyzed DPChtr—The Dowex 
50 chromatogram of the partial HC] hydrolysate of DPChtr showed five 
main phosphorus-containing fractions, only the last three of which are 
considered in this report. A representative chromatogram is presented in 
Fig. 1. 

Nature of Phosphorus Fraction 3—F¥raction 3 accounted for 27 to 34 per 
cent of the chymotrypsin-bound phosphorus in different preparations. <A 
sample of this fraction, purified by rechromatographing twice as described 
above, contained 50.0 y of nitrogen and 10.0 y of phosphorus, giving a 
molar N:P ratio of 2.26. <A paper chromatogram of this material showed 
a single ninhydrin spot just above the origin in the phenol direction, and 
the radioactivity coincided with the spot. The chromatogram of a com- 
pletely hydrolyzed sample showed the presence of glycine and serine,’ 
while the radioactivity remained at the origin (in the position of phosphoric 
acid). Paper chromatograms of the hydrolyzed dinitropheny] derivative 
and the product deaminated with nitrosyl chloride showed glycine and a 
trace of serine. 

Serine and glycine were determined on Fraction 3 by microbiological 
assay before and after deamination with nitrosyl chloride (Table I). The 
results indicate that these amino acids are present in equimolar ratio to 
each other and to phosphorus and that serine is lost after deamination. 

As will be shown below, further hydrolysis of Fraction 3 with 2 xn HCl 
yielded O-serine phosphoric acid as a degradation product. Only indirect 
evidence exists that the isopropyl groups originally present on the phos- 
phorus of DPChtr have been removed by the hydrolysis. Diisopropyl- 
phosphoric acid yields about 80 per cent of its phosphorus as phosphoric 

* All chromatograms of hydrolyzed fractions of serine phosphoric acid or its pep- 


tides show a small faint spot to the left and below serine (2). It is not ethanolamine 
phosphate and has so far not been identified. 
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acid when it is refluxed in 2 x HC] for 2.5 hours. Phosphoric acid and 
serine phosphoric acid show no movement on paper with the solvents used 
here, whereas diisopropylphosphoric acid and its peptides exhibit con- 
siderable movement in each direction.® In this respect, Fraction 3 behaves 
more like a phosphate than a diisopropylphosphate ester.® 
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Fic. 1. Dowex 50 chromatogram of partial 2 nN HCl hydrolysate of diisopropyl- 
phosphoryl chymotrypsin. 1.05 gm. of DPChtr hydrolyzed in 100 ml. of 2 x HC! at 
100° for 2.5 hours. 99 per cent of phosphorus recovered. 200 to 500 mesh resin in 
hydrogen form. Column 2.6 X 100 cm. Eluent 0.05 x HCl. Flow rate 61.5 ml. per 
hour. Fraction size, 4 ml. 


TaBLe I 
Amino Acid Composition of Phosphorus Fraction 3 by Microbiological 
Assay 
| Amino acid Amino | Phosphorus Amino acid 
4 acid found | content | Phosphorus 
| mote per mole 
Before deamination Serine | W1 | 66 | 1.2 
Glycine | 9.3 ae 0.9 
After se . Serine 1.3 | 3.1 0.1 
9.0 3.1 1.2 


| Glycine 


* With nitrosyl chloride. 


The above evidence indicates that Fraction 3 is a dipeptide of serine 
phosphoric acid and glycine and that the former is N-terminal; hence it is 
phosphoserylglycine. 

* Data of Dr. R. E. Plapinger of these laboratories. 

®> Unpublished experiments. 

6 We have obtained an unidentified phosphorus fraction in small yield from the 
2.5 hour 2 N HCl! hydrolysate of DPChtr, the direct chromatogram of which shows 
considerable movement with the present solvents. 
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Nature of Phosphorus Fraction 4—This fraction, obtained in a 22 to 33 
per cent yield, would be expected to be serine phosphoric acid, since its 
position on the Dowex chromatogram corresponds to that of serine phos- 
phoric acid previously identified after prolonged acid hydrolysis of DPChtr 
(2). A paper chromatogram of this fraction showed a single ninhydrin 
spot near the origin, coinciding with the radioactivity. The completely 
hydrolyzed fraction showed only serine, and this was no longer present on 
the chromatograms of the hydrolyzed dinitropheny! derivative and deami- 
nated fraction. 

Nature of Phosphorus Fraction 5—This fraction was obtained in a 7 to 8 
per cent yield. A paper chromatogram showed a single ninhydrin spot 
just above the origin, and the radioactivity coincided with the spot. On 
complete hydrolysis it showed glycine and serine, but the hydrolyzed 


Taste Il 
Amino Acid Composition of Phosphorus Fraction 5 by Microbiological Assay 
| | ¥ mole per mole 
Before deamination | Serine | 9.9 4.4 0.7 
| Glycine 9.5 4.4 1.1 
After | Serine 10.2 4.4 0.7 
Glycine | 2.3 4.4 0.2 


* With nitrosyl chloride. 


dinitropheny! derivative and deaminated fraction showed serine with only 
a trace of glycine. 

The serine and glycine contents of this fraction by microbiological assay 
before and after deamination are reported in Table II. The results indicate 
that these amino acids are present in an equimolar ratio to each other and 
to phosphorus and that glycine is lost after deamination. Since the amino 
group of glycine is free, the phosphorus can only be in ester linkage with 
the hydroxy! group of serine. Hence this fraction is glycylserine phos- 
phorie acid. 

Partial Conversion of Phosphoserylglycine to Glycylserine Phosphoric Acid 
by 2.n HCl Hydrolysis—The possibility existed that either the phosphosery]- 
glycine or the glycylserine phosphoric acid arose from the other substance 
by a diketopiperazine rearrangement, such as has been described recently 
by Sanger and Thompson for glycylvaline (12). ‘To test this possibility a 
preparation of P-labeled phosphoserylglycine, ¢.c. Fraction 3, which gave 
a single peak on Dowex 50 chromatography and contained 356 y of phos- 
phorus, was hydrolyzed in 42.5 ml. of 2 n HC] at 100° for 2.5 hours. The 
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HCl was removed, and the residue was chromatographed on Dowex 50-X8 : 
with 0.01 n HCl as the eluent. Four P® fractions were obtained (Fig. 2). 

The probable structure of these fractions derived from evidence of paper _ 
chromatography is presented in Table III. Fraction 2 was indistin- 
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Fic. 2. Dowex 50 chromatogram of partial 2 nN HCl hydrolysate of phosphosery!- 
glycine. See Table III for the nature of the fractions. 200 to 400 mesh resin in hy- 
drogen form. Column 0.83 100cem. Eluent 0.01 x HCl. Flow rate 6 ml. per hour. 
Fraction size, 2 ml. 


Taste 
Phosphorus Fractions of Partial HCl Hydrolysate of P**-Labeled 
Phosphoserylglycine from Evidence of Paper Chromatography 


Amino acids 


Ninhydrin | 


"No. | complete hydrolysis 
derivative 
1 None None Phosphoric acid 
2 l at origin Serine None Serine phosphoric acid 
3 glycine Glycine Phosphoserylglycine | 
4 ¥ Serine Glycylserine phosphoric acid 


* The position of the radioactivity was at the origin with each fraction before and 
after hydrolysis. 
guishable from synthetic serine phosphoric acid (13) in an isotope dilution 
experiment in which both were chromatographed together on Dowex 50 
with 0.01 ~ HCl as the eluent (2). It should be noted, incidentally, that 
the eluent, 0.01 x HCl, reverses the order of elution of serine phosphoric 
acid and phosphoserylglycine as compared with the eluent, 0.05 x HCI, 
which was used with the original hydrolysate, 
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The above experiment, indicating the formation of glycylserine phos- 
phoric acid during the partial HC] hydrolysis of phosphoserylglycine, was 
repeated twice with similar results. The ratio of the yields of phospho- 
serylglycine and glycylserine phosphoric acid from these three experiments 
was 3.8, 3.9, and 4.6, or an average of 4.1. The corresponding ratios of the 
yields from the first Dowex 50 chromatogram of two DPChtr hydrolyses 
were 4.0 and 4.8. These results are consistent with the postulation of an 
acid rearrangement of these dipeptides. 


DISCUSSION 


In view of the demonstration of the partial conversion of phosphoseryl- 
glycine to glycylserine phosphoric acid under the conditions used for the 
hydrolysis of DPChtr, either one of these dipeptides in the DPChtr hy- 
drolysate may arise from the other secondarily through a diketopiperazine 
rearrangement. Diketopiperazine formation has not been+found with 
concentrated acid and low temperature (14). In work to be published 
later, we have hydrolyzed DPChtr with 12 n HCl at 37° for 3 days and 
have found phosphoserylglycine and other phosphopeptides, but no glycyl- 
serine phosphoric acid. Under these conditions it was shown that phos- 
phoserylglycine did not yield glycylserine phosphoric acid, which is in 
agreement with the similar finding of Sanger and Thompson with glycyl- 
valine (12). Therefore, phosphoserylglycine represents the normal dipep- 
tide sequence in DPChtr and glycylserine phosphoric acid is an artifact. 

It is obvious that caution must be exercised in deducing normal peptide 
sequences from dipeptides isolated from protein hydrolysates when these 
hydrolysates are prepared at 100° with 2 N or more dilute HCl. For 
example, this might well raise a question concerning the true amino acid 
sequence in casein on the basis of the isolation of the phosphopeptide phos- 
phoserylglutamic acid by 2 Nn HC] hydrolysis from this protein (15). 


SUMMARY 


Diisopropylphosphoryl chymotrypsin was partially hydrolyzed with 2 
N HCl at 100° for 2.5 hours. Serine phosphoric acid, phosphoserylglycine, 
and glycylserine phosphoric acid were separated from the hydrolysate by 
Dowex 50 chromatography. Phosphoserylglycine, hydrolyzed under the 
same conditions, was partly converted to glycylserine phosphoric acid. 
Evidence is cited that only phosphoserylglycine represents the normal 
dipeptide sequence in diisopropylphosphory! chymotrypsin. 


The authors are indebted to Dr. B. J. Jandorf for guidance and advice, 
to Dr. H. O. Michel for the determination of DFP purity and chymotrypsin 
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activity, to Dr. R. i. Plapinger for the synthetic serine phosphoric acid, 
and to Mrs. Dorothy V. Johnson for the microbiological assays. 
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THE USE OF BIOLOGICALLY PREPARED RADIOACTIVE 
INDICATORS IN METABOLIC STUDIES: METABOLISM 
OF PENTOBARBITAL* 


By ELWOOD TITUS ann HERBERT WEISS 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, September 13, 1954) 


Although isotopic labeling has been of great use in studies of drug metab- 
olism, the necessarily small amounts of material used in such experiments 
often preclude the identification of unknown metabolites by conventional 
chemical means. Such difficulties are commonly circumvented by adding 
a known non-labeled compound, suspected to be a metabolite, to the un- 
known mixture and reisolating the substance in labeled form. The isotope 
dilution technique, however, involves guesses about the unknown struc- 
tures which may not be correct, especially when metabolic alteration has 
obscured the relationship between precursor and metabolite. There are a 
number of recorded instances in which difficulties in predicting structure 
have hampered or prevented the identification of unknown derivatives 
(2, 3). 

The use of biologically prepared radioactive indicators to guide the isola- 
tion of sufficient material for direct chemical identification offers one means 
of avoiding structural assumptions. The indicators are prepared as radio- 
chemically pure entities by microfractionation (usually paper chromatog- 
raphy) of the labeled metabolites obtained after administering a radioactive 
precursor of high specific activity. A single indicator may be added to 
urine or other large pools of degradation products from animals receiving 
the unlabeled parent compound, and its radioactivity used to guide fraction- 
ation. Asin the conventional isotope dilution procedure, isolation of radio- 
active material satisfying the criteria of homogeneity demonstrates the 
derivation of the product from the parent substance. 

When the desired products are present in low concentration, very large 
pools of material may have to be used to provide tangible quantities in the 
final isolation. By means of counter-current distribution (4), separations 
carried out on a small aliquot of the pooled metabolites may be exactly 
duplicated with any desired volume. Parallel distributions of a small 
indicator-labeled aliquot and the main body of material may thus be run 


* A preliminary report was presented before the Federation of American Societies 
for Experimental Biology, Chicago, April 6-10, 1953 (1). 
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until the preparation has been sufficiently freed of extraneous material to 
permit combination of the two aliquots. 

Although this approach to metabolic problems represents a relatively 
obvious application of the principles of the isotope dilution procedure, it 
does not appear to have been generally realized that preliminary micro- 
fractionation of labeled metabolic indicators and use of the latter in con- 
junction with counter-current distribution can greatly facilitate the appli- 
cation of the isotope dilution principle to substances of unpredictable 
structure occurring in small amounts. 

The interest of this laboratory in barbiturate metabolism prompted a 
study of the fate of pentobarbital (Nembutal) as a demonstration of the 
applicability of this procedure. 

When urine from dogs receiving pentobarbital-2-C™ was examined by 
paper chromatography, a total of ten radioactive substances was revealed. 
Of these, one was recovered pentobarbital and three could be accounted for 
by derivatives previously identified. Two diastereoisomeric forms of 5- 
ethyl-5-(3-hydroxy-1-methylbuty]l)barbituric acid have been isolated from 
dog urine by Maynert and Dawson (5), and one of these has also been iden- 
tified by Mark et al. (6) as a metabolite of pentobarbital in man. Maynert 
and van Dyke (3), on the basis of studies with N!-labeled pentobarbital, 
have concluded that a small amount of the drug is converted to urea. 

Other paper chromatographic experiments by Roth et al. (7) have in- 
dicated the existence of five metabolites of pentobarbital-2-C"™ in rat urine. 
Algeri and McBay (8) have offered chromatographic evidence for one acidic 
metabolite in ether extracts of dog and human urine in addition to the 
diastereoisomeric 3-hydroxy derivatives. 

This report is concerned with the isolation and characterization of 5-ethy]- 
5-(1-methyl-3-carboxypropyl)barbituric acid, the first of the unknown 
metabolites of pentobarbital to be identified by this procedure. An anal- 
ogous acid has been identified as a metabolite of thiopental in man by Brodie 
et al. (9). 

Evidence has also been obtained that a second highly water-soluble 
metabolite is a glucuronide of the dextrorotatory form of 5-ethyl-5-(3- 
hydroxy-1-methylbutyl barbituric acid. It would appear that the discrep- 
ancy in excretion of the d- and l-hydroxy derivatives, which account for 
about 21 and 41 per cent, respectively, of the metabolites of pentobarbital, 
may result from preferential conversion of the former to a glucuronide. 


EXPERIMENTAL 


Preparation of Pentobarbital-2-C'—In a tube protected from moisture a 
mixture of 497 mg. of diethyl ethyl 1-methylbutyl malonate, 60 mg. (1 me.) 
of urea-C"™, and 1.5 ml. of 2.5 Mm sodium ethoxide in anhydrous ethanol was 
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evaporated almost to dryness under a stream of dry nitrogen. After the 
tube was sealed, heated at 80° for 2 hours, and cooled, its contents were 
dissolved in 2 ml. of cold 1 N NaOH and extracted several times with ether 
to remove unchanged ester. Of the 146 mg. (63 per cent yield) of pento- 
barbital in the alkaline solution (estimated by ultraviolet absorption at 
255 my) approximately 114 mg. precipitated as an oil when 0.35 ml. of 
glacial acetic acid was added. After recrystallization from water, this 
melted at 129-130°. Homogeneity of the radioactive material was estab- 
lished by both paper chromatography and atwenty-four transfer Craig coun- 
ter-current distribution (4). For the latter a sample of 0.37 mg. (1.7 we.) of 
radioactive pentobarbital was mixed with 10 mg. of unlabeled carrier to 
avoid erratic results due to the adsorption of minute amounts of pentobarb- 
ital on the steel surfaces of the Craig apparatus. Distribution was carried 
out between CHCl; and buffer of pH 9.5 prepared by mixing 10 volumes 
of a solution 1 m in both boric acid and KXCI with 6 volumes of 1 N NaOH. 

Determination of C'—Samples were plated directly in cup planchets and 
counted with an end window counter having a background of approximately 
20 ¢.p.m. All counts were corrected for self-absorption. For direct count- 
ing of urine a correction curve for various weights of urinary solid was ob- 
tained by evaporating samples of normal dog urine with a standard number 
of counts. Since it was difficult to avoid uneven deposition of solids from 
evaporating urine, this procedure was not entirely satisfactory. Individ- 
ual determinations, however, were reproducible within approximately 10 
per cent. 

For direct counting from paper chromatograms, 1 cm. squares were cut 
out and counted individually in a gas flow proportional counter (10) with 
a background of approximately 2 ¢.p.m. 

Paper Chromatography—Samples were chromatographed on Whatman 
No. 1 or No. 3 paper with n-butanol saturated with 1 per cent ammonia as 
the descending solvent (7). 

Similar systems have been used by Algeri and McBay (11) for the iden- 
tification of barbiturates in medicolegal problems. Radioautographs were 
prepared by exposure on Eastman type K industrial x-ray film. 

Occasional chromatograms of non-radioactive material were sprayed with 
a 0.1 saturated solution of cobaltous acetate in pyridine. Pentobarbital 
and its derivatives gave a dull purple color with this reagent. 

Recovery of Administered Radioactivity—Fig. | represents the recovery of 
radioactivity in urine after approximately 5 ye. of pentobarbital-2-C", 
diluted with sufficient unlabeled drug to provide a dose of 30 mg. per kilo, 
were administered intravenously toa dog. Within the uncertainty imposed 
by the self-absorption corrections, recovery was essentially complete within 
15 to 20 hours. 
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In a subsequent experiment designed to provide large amounts of labeled 
metabolites, a similar dose of sodium pentobarbital containing 0.37 mc. of 
activity was administered intravenously to a dog, and urine was collected 
for 5 days. In this experiment the dog was maintained in an air-tight cage 
for 24 hours, and expired CO, was collected in an absorption train contain- 
ing 2.9 liters of 2 N NaOH. Conversion to BaCQOs; for counting yielded 
233 mg. per ml. of alkaline solution. Radioactivity was barely detectable 
in the precipitate; a sample of about 30 mg. registered 2 ¢.p.m. over a back- 
ground of 1.8 in the Robinson counter (10). It was estimated that the 
expired CO, could not have accounted for more than 0.008 to 0.009 me. 
(0.21 to 0.24 per cent) of the administered activity. 
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HOURS AFTER DOSE 
Fic. 1. Recovery of radioactivity in dog urine after intravenous administration 
of 4 X 10° c.p.m. of pentobarbital-2-C'™. Aliquots of 0.5 ml. of urine were evaporated 
for direct counting. Counts corrected for self-absorption. 


Fractionation of Radioactive Metabolites—The radioautogram obtained 
when 0.1 ml. of the urine from the 0.37 mc. experiment was chromato- 
graphed on Whatman No. 1 paper is reproduced in Fig. 2. A total of ten 
spots was observed. For the sake of convenience in referring to individual 
fractions, these were numbered in order of decreasing Ry. In order to as- 
certain the relative proportions of the metabolites, 1 em. squares of the 
paper were cut out for individual counting. The results together with the 
identities of the derivatives are recorded in Table I. For the isolation 
of usable amounts of radiochemically pure fractions, the urine at pH 7 was 
extracted six times with an equal volume of n-butanol, the extract evapo- 
rated in vacuo, and the residue subjected to a ten transfer counter-current 
distribution in 25 ml. layers of mutually saturated n-butanol and 0.25 m 
pyrophosphate buffer, pH 9.4. This sufficed to separate the bulk of the 
radioactive material in tubes 3 to 7 from much of the extraneous urinary 
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solids. The contents of tubes 3 to 7 were concentrated in this as well as 
in subsequent distributions by acidifying the aqueous layer, extracting 
with butanol several times, and evaporating the solvent in vacuo at 40°. 
Material thus obtained was subjected to a 124 transfer distribution in the 
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Fig. 2. Radioautogram from a chromatogram on Whatman No. 1 paper of 0.03 ml. 
of urine from a dog receiving 0.37 mc. of pentobarbital-2-C'*. Developing solvent, 
n-butanol saturated with 1 per cent NH,OH. Component 1 is the unaltered pento- 
barbital. The major metabolites (Components 2 and 3) are the d and l forms of 
5-ethyl-5-(3-hydroxy-l-methylbutyl)barbiturie acid. Component 7 is urea. Com- 
ponent 8 is identified in this study as 5-ethyl-5-(1-methyl-3-carboxypropy])barbi- 
turic acid, and Component 10 is shown to be a glucuronide of Component 2. The 
remaining substances are unidentified. 


same solvents by the single withdrawal procedure (12) in a Craig all-glass 
apparatus (Fig. 3). Paper chromatography of selected fractions from this 
run indicated partial separation of the metabolites. Tubes 101 to 124 
contained only Component 1; tubes 58 and 62 contained mixtures of Com- 
ponents 2 and 3; tube 34, a mixture of Components 3, 4, and 5; tube 22, 
Component 5 with small amounts of Components 6, 7, and 8; and tube 16, 
a mixture of Components 5 through 8. By combining material in the 
vicinity of the above tubes, the contents of the Craig apparatus were di- 
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vided into fractions for further resolution by chromatography on large 
sheets of Whatman No. 3 paper. Streaks representing the individual 


TABLE I 


Recovery of Metabolites after Chromatography of 0.1 Ml. of Urine from Dog Receiving 


Pentobarbital-2-C™ on Whatman No. 1 Paper (Fig. 1) 
Developing solvent, n-butanol saturated with 1 per cent NH,OH. 


| | Per cent of | 
Spot No. Rp C.p.m.in spot | recovered Identity 
| | activity 
1 | 0.86 144 | 0.8 Pentobarbital 
2 | 0.63 3685 | 21.0 d alcohol* 
3 | 0.54 7209 | 41.0 l 
4 0.46 268 1.5 Unknown 
5 0.26 182 | 1.0 2 
6 0.18 374 2.1 | “s 
7 0.12 464 2.6 | Urea 
8 0.07 790 | 4.5 | Carboxylic acidt 
9 2195 12.4 | Unknown 
10 0.01 2405 | 13.6 | Glucuronide of Spot 2 


* acid. 
acid. 
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Fig. 3. Counter-current distribution (124 transfers) in n-butanol and 0.25 mM 
pyrophosphate, pH 9.4, of urinary metabolites of pentobarbital-2-C™. Tubes 101 
to 124 contained unchanged pentobarbital; tubes 58 and 62, mixtures of Components 
2 and 3; tube 34, a mixture of Components 3, 4, and 5; tube 22, mostly Component 5 
plus some Components 6, 7, and 8; tube 16, a mixture of Components 5 through 8. 


radioactive components were located by radioautography and eluted with 
85 per cent methanol. 
In order to resolve the more water-soluble derivatives remaining in the 
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urine after the butanol extraction and in tubes 8 to 10 of the first counter- 
current distribution, this material was combined and concentrated, meth- 
anol was added to precipitate salts, and the residue, after evaporation of 
the mother liquor, was fractionated by large scale paper chromatography. 

With the exception of the apparently very labile Component 9, which did 
not survive the repeated refractionations, the labeled metabolites were 
obtained as radiochemically pure entities. : 

Identification of Metabolites—The identities of several components, Nos. 
1, 2, 3, and 7, were readily apparent from preliminary experiments. 

Component 1 (Ry 0.87) proved indistinguishable from pentobarbital, 
both chromatographically and by counter-current distribution in the 
CHCl, buffer system. 

The relative abundance (Table I) of the major metabolites, Components 
2 and 3, suggested their identity with the d and / forms, respectively, of 
5-ethyl-5-(3-hydroxy-1-methylbutyl)barbituric acid. These substances 
were reported by Maynert and Dawson (5) to represent 15 and 33 per cent 
of the administered pentobarbital. They were isolated from the urine of 
dogs receiving 7 gm. of unlabeled pentobarbital by a process of extraction 
and counter-current distribution essentially the same as that described 
above for the radioactive urine. Material from tubes 3 to 7 of a ten trans- 
fer distribution in 100 ml. volumes of the two solvents was redistributed 
in 25 ml. volumes. The contents of tubes 2 to 9 of the second run were 
then finally distributed in the Craig 100 plate glass apparatus. By frac- 
tional crystallization of material from the large central fraction in 50 per 
cent ethanol, samples of the d and I alcohols melting at 208.5-211° and 
152.5-153.5°, respectively (reported, 209-210° and 152—153°) (5), were ob- 
tained. These were chromatographically indistinguishable from radio- 
active Components 2 and 3, respectively, and showed the characteristic 
ultraviolet absorption spectrum (Amax. 255 my in alkali) and the strong 
hydroxyl band at 2.8 u in the infra-red described by Maynert and Dawson 
for these compounds. 

The Rr value of 0.12 for Component 7 was identical with that of urea, 
and a mixture of the radioactive metabolite with urea-C™ gave a single 
radioactive spot when chromatographed on paper. From the urine of the 
first experiment, in which the dog received 3 X 10° c.p.m. of radioactive 
pentobarbital, Component 7 was obtained by a series of butanol extractions 
and chromatography of the evaporated extracts on several sheets of What- 
man No. 3 paper. Urea, m.p. 134°, obtained by methanol elution of the 
appropriate area of paper, was recrystallized from ethanol to a constant 
specific activity of 190 ¢.p.m. per mg. in the low background (2 ¢.p.m.) 
counter. The xanthydrol derivative of this was prepared (13) in glacial 
acetic acid, washed with ethanol, and recrystallized twice from pyridine to 
a specific activity of 31 c.p.m. per mg. (calculated 27 c.p.m.). 
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Attention was next turned to the components which remained to be 
identified. Preliminary work with radioactive samples indicated that, 
although Component 8 could be quantitatively extracted from solutions of 
pH less than 3 into ether, the more polar alcoholic solvents were required 
to remove appreciable quantities of Components 4 through 6. None of 
the extremely water-soluble Component 10 was extractable by either type 
of solvent. 

Efforts to isolate Components 4 and 5 from butanol extracts of urine 
have not yet been successful, largely because of the difficulties in separating 
them from the greatly preponderant alcohol derivatives. Enough of the 
more abundant Component 8, however, has been obtained from this source 
to permit characterization, and its isolation is described. 

In order to provide material for larger scale isolation experiments, the 
pooled urine from a group of dogs which had received a total of approxi- 


mately 50 gm. of unlabeled sodium pentobarbital was evaporated in vacuo | 


to 4650 ml. The concentrate was adjusted to pH 3.0 with 150 ml. of HCI, 
and a 48 ml. (0.01) aliquot was removed for pilot experiments to be de- 
scribed below. 

A sample of 26,600 ¢.p.m. of radioactive Component 8 was added to the 
48 ml. aliquot. This was extracted three times with equal volumes of 
n-butanol and twice with isobutanol. 

After evaporation of the butanol extracts 7n vacuo at room temperature, 
the residue was dissolved in a minimum of water, acidified with HCl, and 
extracted several times with an equal volume of ether. After these extracts 
were evaporated and the solid residue triturated several times with ether, 
15,500 c.p.m. (58 per cent) were recovered in the final ether solution. 

In order to guide further fractionation, this aliquot containing 15,500 
c.p.m. was evaporated and subjected to a twelve transfer counter-current 
distribution in 4 ml. layers of n-butanol and 0.5 m borate buffer, pH 8.2. 
Samples of 0.5 ml. were taken from each layer for counting (Fig. 4). By 
selecting the more water-soluble fractions in tubes 11 and 12, it was possible 
to obtain approximately 6700 c.p.m. in a fraction essentially free from the 
more abundant alcohol derivatives concentrated in tubes 3 to 10. The 
material thus obtained was then distributed with eight transfers and 4 ml. 
each of the two phases obtained by mixing equal volumes of water, meth- 
anol, chloroform and ether (Fig. 4). This concentrated 71 per cent of the 
remaining radioactivity into tubes 2 to 6 and permitted a considerable 
amount of colored contaminants to be discarded with the end tubes. Tubes 
2 to 6 now contained 18 per cent of the radioactivity originally present. 

These pilot operations were then exactly duplicated on a 100-fold scale 
with the main body of urine. An oil, estimated on the basis of the accom- 
panying radioactive experiments to contain about 18 per cent of the metab- 
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olite originally present in urine, was obtained by concentration of tubes 
2 through 6 of the final distribution. 

A 24 mg. aliquot of this oil was labeled with approximately 40,000 ¢c.p.m. 
of Component 8 and carried through a twenty-four transfer distribution in 
the Craig apparatus with the four solvent system. Individual tubes were 
assayed by evaporation of suitable aliquots for counting, and the residues 
were dissolved in 1 N NaOH for measurement of ultraviolet absorption. 
Although the radioactivity distributed as a component with a partition 


3000 


2000 


C.PM. PER TUBE 


TUBE NO. 


Fic. 4. Counter-current distribution of an aliquot of butanol extract from urine 
of dogs receiving pentobarbital. @, aliquot labeled with radioactive Component 8 
distributed in butanol-0.5 m borate, pH 8.2. A, tubes 11 and 12 redistributed in two 
phases obtained by mixing equal parts of CHCI;, methanol, H.O, and ether. 


coefficient (K) of 1 (maximal concentration in tube 12), the ultraviolet- 
absorbing material exhibited a broad band corresponding to K = 0.7 (maxi- 
mal concentration in tube 10). Maximal absorption of the alkaline solu- 
tion occurred at 280 mu. 

On the basis of this pilot distribution, the main portion of oil was sub- 
jected to a 200 transfer counter-current distribution in the mixture of four 
solvents used before. Individual tubes were assayed by evaporation of 
suitable aliquots, solution of the residues in | N NaOH, and measurement 
of the ultraviolet absorption at 255 and 280 my. As expected from the 
preliminary run, a fraction exhibiting maximal concentration at tube 100 
and distributing in good agreement with the partition coefficient of 1 
for Component 8 was partly separated from approximately 480 mg. of a 
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contaminant which had its maximal concentration in tube 79 and which 
distributed in accordance with a partition coefficient of 0.65. The amount 
of contaminant was estimated by inspection of the distribution curve ac- 
cording to conventional procedures (Weissberger (12) p. 194). The value 
for the extinction coefficient (E!%,, = 1550 in 1 Nn NaOH at 280 my) used 
in these calculations was obtained from a sample of the contaminant iso- 
lated by evaporation of appropriate fractions and recrystallized from water 
to a constant melting point of 202—203.5°. In acid Amax. for this substance 
was 255 mu. It is not a metabolite of pentobarbital and was not further 
characterized. 

Although the fractions containing Component 8 absorbed strongly at 
255 my in alkali, as expected for a barbiturate, there was spectral evidence 
of impurities absorbing at shorter wave-lengths. Tubes 79 to 100, which 
would contain one-half of a substance with a distribution coefficient of 1, 
were evaporated. One-tenth of the residue, to which had been added 4970 
c.p.m. of Component 8, was dissolved in a little 0.1 N sodium formate buffer, 
pH 4.08, and placed on an 0.8 cm. X 2 cm. column of Dowex 1-X2 (2 per 
cent cross-linked resin) prepared as the formate (14). After traces of 
material having ultraviolet absorption properties similar to those of pento- 
barbital had been washed from the column with 60 ml. of the buffer, elution 
with 20 ml. of 0.1 N formic acid removed a small band of an unidentified 
contaminant. Further elution with 40 ml. of the acid then removed a 
sharply defined band containing 4000 c.p.m. and 30 mg. of an acidic sub- 
stance with an absorption spectrum indistinguishable from that of pento- 
barbital; 7.e., Amax. in alkali 255 my; no absorption in acidic solution. On 
the basis of these experiments it was estimated that approximately 600 mg. 
of Component 8 had been present in the original oil. 

This metabolite was more easily obtained in crystalline form from the 
contents of tubes 100 to 118 of the 200 transfer counter-current distribution. 
These were evaporated to dryness and taken up in a little acetone. Ad- 
dition of several volumes of ether precipitated some brown amorphous 
material, which was discarded. After evaporation of the filtrate in vacuo 
the residue was taken into a little hot 95 per cent ethanol and allowed to 
stand in the cold for 7 days. Four recrystallizations of the precipitate 
from 65 per cent ethanol yielded crystalline material melting at 194—-196° 
(Kofler hot stage). Precipitation was slow, 3 to 4 days being required for 
each recrystallization. The ultraviolet absorption spectrum in 1 N NaOH 
could not be distinguished from that of pentobarbital. Titration of a 
12 mg. sample with standard alkali gave a curve with points of inflection 
at pH 6.4 and 9.8. The pK, of the stronger acid function was calculated 
to be 4.5, characteristic of a carboxylic acid. Both the molecular weight 
of 263 calculated from the titration data and the analytical results were in 
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agreement with the formulation of the product as 5-ethyl-5-(1-methyl-3- 
carboxypropyl)barbituric acid. 


257.3. Calculated, C 51.55, H 6.29; found, C 51.39, H 6.33 


This structure was confirmed by comparison with synthetic material, 
kindly prepared by Dr. Harry B. Wood and Dr. E. C. Horning (15). Syn- 
thetic acid melting at 192-194° did not depress the melting point of the 
isolated metabolite. The infra-red absorption spectra and x-ray powder 
diagrams of the two compounds were identical. The synthetic acid, the 
isolated metabolite, and the radioactive fraction designated as Component 
8 all showed partition coefficients of 1 in the two-phase system prepared 
by mixing methanol, chloroform, ether, and water (1:1:1:1) and 0.8 be- 
tween ether and buffer at pH 4.56 prepared by mixing 46 volumes of 0.2 
M NasHPO, and 54 volumes of 0.1 M citric acid. 

Since increased glucuronide excretion has been reported to follow admin- 
istration of pentobarbital to dogs (5), it was presumed that the extremely 
water-soluble Component 10 might be such a conjugate. This was con- 
firmed by incubating approximately 25,000 ¢.p.m. of the chromatographi- 
cally pure radioactive metabolite with 100 mg. of bacterial 8-glucuronidase 
(Sigma) in 0.1 mM phosphate buffer at pH 6.15. After 14 hours at 37°, pro- 
tein and salt were precipitated by the addition of several volumes of meth- 
anol. The precipitate was washed with a little methanol, and the combined 
solution and washings were evaporated in vacuo. The residue was sep- 
arated into two fractions by a twelve transfer counter-current distribution 
between 5 ml. layers of a system prepared by mixing 2 volumes of acetone 
with 10 volumes each of n-butanol and 0.1 m phosphate buffer, pH 7.48. 
The hydrolysis product occurring as a fraction in tubes 0 to 4 (Fig. 5) 
amounted to 14 per cent of the total counts. The distribution data would 
permit this to be Component 2, 3, or 4 but would exclude Component 5. 
When isolated and chromatographed on paper, this material migrated as a 
single spot indistinguishable from Component 2, the d alcohol of Maynert 
and Dawson. Since the presence of impurities extracted from the enzyme 
incubation mixture caused slight smearing of the paper chromatogram, 
it was not possible to exclude the possible presence of some of the |-hydroxy 
derivative (Component 3) in the hydrolysate. 

Because of the low yield of free alcohol obtained by enzymatic hydroly- 
sis, it was considered desirable to repeat the incubation with glucuronidase. 
The unchanged material in tubes 6 to 12 was therefore evaporated in vacuo, 
taken up in a little water, adjusted to pH 6, and treated with enzyme as 
before. A second distribution gave results essentially the same as the 
first, 13.5 per cent of the counts appearing as the free alcohol in tubes 0 to 4. 

It would thus appear that under the conditions employed here the 
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enzymatic hydrolysis of the glucuronide is either very slow or comes to an 


equilibrium favoring the conjugated form. 


These experiments suggested that preferential conversion of the d alcohol 
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to a glucuronide might explain the greater recovery of the | compound 


Fic. 5. Counter-current distribution of reaction products from Component 10 and 
glucuronidase in two-phase system obtained by mixing butanol, acetone, and phos- 
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II 
Recovery of Radioactivity in Dog Urine after Administration of d- and 1-5-Ethyl-6- 
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noted by Maynert and Dawson and confirmed by the observations of the 


present authors. 


In order to test this, 1.08 & 10° ¢.p.m. of chromatographi- 


cally pure acid-2-C™ were 
diluted to 8 mg. with unlabeled compound and injected intravenously into 
a dog. Urine was collected by catheterization for the first few hours and 


subsequently from the cage. 


2 weeks later 4.0 K 10° ¢.p.m. of the corre- 


sponding / alcohol were also diluted to 8 mg. with carrier and similarly 
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injected. Samples of 0.5 ml. of urine were taken for counting until activity 
fell to about twice the background. The weights of residual urinary solid 
for which correction had to be made varied from 20 to 82 mg., a range in 
which the uncertainty in the corrected counts was consistently about 10 
per cent. Approximately 71 per cent of the administered activity was 
recovered in each experiment (Table I). 

Samples of the two urines were acidified with HCl and extracted five 
times with equal volumes of ether in order to remove the unchanged alco- 
hols from the water-soluble conjugates. Of 289,500 ¢.p.m. in an aliquot of 
urine from the experiment with the d alcohol, 69,500 ¢.p.m. (24 per cent) 
remained in the aqueous phase. Of 1.96 & 10° ¢.p.m. inan aliquot from the 
other urine, 104,000 ¢.p.m. (5.3 per cent) were conjugated. 

Samples of the water-soluble fractions were prepared for paper chroma- 
tography by lyophilization and trituration of the solid residues with meth- 
anol. The radioactive spots, like Component 10, did not move appreciably 
in the butanol-ammonia system. 

Except for one unidentified fraction with an R», of approximately 0.1, 
the activity in the ether extracts was chromatographically indistinguish- 
able from that of the alcohols originally administered. The unidentified 
fraction never exceeded 3 per cent of the ether-extractable activity. 


DISCUSSION 


When lack of appropriate model compounds prevents the identification 
by isotope dilution of unknown metabolites derived from an isotopically 
labeled precursor, recourse must be had to direct isolation of identifiable 
quantities of the labeled derivatives. This may be impractical with the 
more potent pharmacological agents, which can be administered only in 
small amounts or when the metabolite under investigation represents a 
small proportion of the administered precursor. In some instances, larger 
doses or repeated doses of the substance to be studied can provide larger 
amounts of metabolite, but dilution of the isotope limits the extent to which 
these expedients may be carried and excessive doses frequently cause a 
change in the pattern of metabolites produced, as is the case with epineph- 
rine (16). The latter situation is particularly to be avoided in pharmaco- 
logical studies, in which knowledge of the metabolic fate of a drug may be 
important to an understanding of its mode of action. It is in the hope of 
providing a means for identifying metabolites of substances which are phys- 
iologically effective in small amounts that the procedure involving prelim- 
inary fractionation of biologically prepared indicators has been suggested. 

The present work on the metabolism of pentobarbital was undertaken 
to demonstrate the applicability of the procedure. 

By means of the method a metabolite analogous in structure to the car- 
boxylic acid derivative of thiopental described by Brodie et al. (9) has been 


820 METABOLISM OF PENTOBARBITAL 


isolated. This type of oxidation is consistent with the fact that many 
compounds carrying alkyl! groups are metabolized by terminal oxidation of 
the side chain (17). 

The isolation of acid 
probably accounts for the ether-extractable acidic metabolite of Ry» 0.08 
for which Algeri and McBay (8) have recently offered paper chromato- 
graphic evidence. The absorption maximum at 256 my in acid reported by 
the above authors probably reflects the presence of the unidentified con- 
taminant melting at 203.5°. The latter exhibited remarkable similarity 
in many properties to the acid metabolite, and in our hands the two com- 
pounds were separable only by resorting to a 200 transfer distribution. 


SUMMARY 


The use of biologically prepared radioactive indicators in a modification 
of the isotope dilution procedure, designed to facilitate the identification of 
unknown metabolites occurring in small amounts, has been described. 

Paper chromatography of urine from dogs receiving pentobarbital-2-C™ 
revealed nine metabolites. With the aid of the indicator procedure, one 
of these has been isolated and identified as 5-ethyl-5-(1-methy1-3-carboxy- 
propy]l)barbituric acid. 

Of the two previously known diastereoisomers of the 3-hydroxy deriva- 
tive of pentobarbital, the dextrorotatory form appears to be preferentially 
conjugated with glucuronic acid. 
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STUDIES ON THE BIOSYNTHESIS OF SERINE* 


By NICHOLAS ALEXANDER anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, September 21, 1954) 


Formaldehyde has emerged as the primary precursor of the B-carbon of 
serine (1-4), although in certain systems the 6-carbon can be formed from 
formate (5-7), methanol (2), and the methyl groups of methionine (8), sar- 
cosine (3), and acetone (9). It is also evident that the activated 1-carbon 
moiety is not formaldehyde per se, but some derivative thereof. A clue to 
the nature of the active l-carbon unit was furnished by experiments on the 
effect of folic acid deficiency on serine formation in bacteria (10, 11) and 
in the rat (12) and the chick (13). 

It had been suggested earlier by Gordon et al. (14) that folic acid may 
serve as the cofactor for l-carbon compound reactions in purine and his- 
tidine biosynthesis. It seemed reasonable, therefore, to assume a similar 
role for folic acid (or its derivatives) in serine biosynthesis. This has re- 
ceived support from the recent reports of Kisliuk and Sakami (15, 16) and 
Blakley (17) indicating that THF A! is the carrier coenzyme of formaldehyde 
in serine biosynthesis. 

In addition to this, Berg (18, 19) has shown a specific effect of homo- 
cysteine on formate incorporation into serine in vitro. Deodhar and Sakami 
(20) also observed this same effect with formaldehyde. 

Another of the B vitamins, pyridoxal, has been implicated in the bio- 
synthesis of serine. Lascelles and Woods (21) first observed its require- 
ment for serine synthesis by Streptococcus faecalis, and Deodhar and Sakami 
(20) reported that pyridoxine-deficient chicks have a diminished ability to 
incorporate formate-C™ into serine. 

The purpose of the present work was to investigate the mechanism of 
serine synthesis from formaldehyde and glycine in a soluble rat liver prep- 
aration. Preliminary reports of the work have been presented (22, 23). 


* Aided by research grants from the American Heart Association, the Life Insur- 
ance Medical Research Fund, the National Cancer Institute (Grants C-2074 and 
(°.2327), Publie Health Service, and the Cancer Research Funds of the University of 
California. 

‘THEA = tetrahydrofolic acid; Tris = tris(hydroxymethyl) aminomethane; ATP 
= adenosine triphosphate; DPN, DPNHL = diphosphopyridine nucleotide and the 
reduced form. 
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EXPERIMENTAL 


Enzyme Preparation—The soluble enzyme extract is the same as the 
crude enzyme preparation of Cantoni (24) and was prepared from the livers 
of unfasted, adult, female rats (200 to 250 gm.) of the Long-Evans strain, 
sacrificed by cervical fracture. The livers of the only other two animal 
species tested, guinea pig and sheep, contained the enzyme. 

A lyophilized preparation was obtained by dialyzing the clear extract for 
15 to 20 hours against four changes (13 volumes each) of 0.01 m Tris buf- 
fer at pH 7.2 in the cold. The dialyzed solution was then lyophilized and 
stored in dry form at —15° (160 gm. of liver yield 9 gm. of dry powder). 
Even at this temperature, the material on aging loses activity which can 
be restored with reduced glutathione (see “Results’’). The preparation 
was weighed and dissolved in Tris buffer just prior to use. 

Method of Assay—Most of the incubations were carried out in 20 ml. 
beakers at 37° in a Dubnoff metabolic incubator (25). To maintain the 
anaerobic conditions (26) essential when THFA was made, a stream of ni- 
trogen was continuously passed through a dry box. These particular in- 
cubations were performed in tightly stoppered 25 ml. Erlenmeyer flasks 
filled with N» gas and shaken mechanically in a constant temperature (37°) 
water bath. 

At the end of the incubation time, the reaction was stopped by addition 
of trichloroacetic acid (final concentration 6 per cent), and 100 to 125 mg. 
of carrier serine were added. Subsequently, the serine was recrystallized 
from alcohol-water to constant specific activity, as previously described 
(at least five recrystallizations) (3,7). It had been shown, and confirmed 
by us at the beginning, that when formaldehyde-C™ was the isotopic sub- 
strate the radioactivity was all present in the 8-carbon of the serine (2, 3), 
and therefore periodate degradation (27) was unnecessary. Usually, about 
30 mg. of serine were plated on round, tared aluminum planchets (16.0 sq. 
em. by 0.2 em.) in the form of a suspension in 1.0 ml. of 95 per cent ethanol. 
The samples were allowed to dry by evaporation (1 to 2 hours), often with 
the aid of an infra-red lamp (15 to 20 minutes drying time) until constant 
weight was obtained. 

The radioactivity was measured with an end window counter and scaler 
of the Nuclear Instrument and Chemical Corporation or a Tracerlab gas 
flow counter and sealer. Corrections for self-absorption were applied in 
the calculations. The activities are expressed as recovered counts and per 
cent recovery (Hquations 1 and 2). 


(1) Recovered counts = specific activity * amount of added carrier 
recovered counts & 100 


” ‘total counts added 
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Results 
Experiments with Crude, Non-Dialyzed Extracts 


Anaerobically, the non-dialyzed enzyme preparation converts formalde- 
hyde to the serine 8-carbon in significant amounts (Table I). Aerobically, 
the conversion is not nearly as good, which is probably due to the instability 
in air of the cofactor THEA derived from endogenous citrovorum factor 
(cf. Jukes (26)).. The methyl group of methionine is utilized to a very 
limited extent and only aerobically. This is reasonably explained on the 


Tasie I 
Conversion of Various Substrates to B-Carbon of Serine 


Each flask contained 1.5 ml. of non-dialyzed enzyme preparation, 10 umoles of 
glycine, 1.0 ml. of 0.1 m glyeyiglycine buffer, pH 74. Total volume, 3.0 ml. Incu- 
bated for 2 hours at 37°. 10 wmoles of each substrate were used. H.C“O = 
189,000 ¢.p.m.; methionine-C'H,; = 1,650,000 ¢.p.m.; = 330,000 ¢.p.m.; 
HCOOH = 6,000,000 ¢.p.m. 


1 | HCHO? ON, | 0 0 
2 | | 18,000 9.6 
3 “ Air | 8,700 3.0 
4 Methionine-C'lT,* | 85 
“ 6,000 0.4 
6 Ne 0 
7 | HC“OOH | Air | 0 0 
8 | Na 3,020 0.5 
9 H,C“OH 0 0 

10 | | 770 0.2 


* No enzyme added. 


basis of the need for oxygen for the oxidation of the methyl group to for- 
maldehyde. Similarly, traces of formate and methanol are utilized anaero- 
bically. Glycine-2-C™, betaine-C“H,, sarcosine-C“H;, and choline-C“H; 
are not utilized at all, either under anaerobiosis or aerobiosis. 

The reverse reaction, serine — glycine + formaldehyde, was catalyzed 
only to a limited extent (see Table I]). The discrepancy of the results 
observed in using B- and carboxyl-labeled serine could be due to a loss of 
formaldehyde through volatilization. 

Since our preparation was identical with the one used for methylating 
nicotinamide, it was of interest to learn whether any of the compounds 
required in that system would have any effect. As seen in Table III, there 


is a marked similarity in the two systems. ATP, Mgt*t, and methionine 
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activate the crude enzyme system of this reaction. Activation by ATP 
had previously been observed with formaldehyde by Mitoma and Green- 
berg (3) with mitochondrial preparations. A similar activating effect with 
formate has also been reported (15-17). Homocysteine can replace methi- 


TaBLeE II 
Formation of Glycine and Formaldehyde from Serine 


Each flask contained 1.5 ml. of non-dialyzed enzyme preparation, 1.0 ml. of 0.1 
M phosphate buffer, pH 7.4. Incubation under N: for 2 hours at 37°. Total volume, 
3.0 ml. Serine-C4“OOH = 40,000 ¢.p.m.; serine-3-C™ = 100,000 ¢.p.m. 


Experiment : Recovered Per cent 
No. Contents | counts recovery 

1 10 umoles pL-serine-C'*OOH 1.5 

2 10 “ pL-serine-3-C' | 275t | 0.3 


* Recovered as glycine by separation on a Dowex 50 column (28). 
t Recovered as methylenebismethone (3). 


III 
Effect of Activators on Serine Biosynthesis 
Keach flask contained 1.5 ml. of non-dialyzed enzyme preparation, 1.0 ml. of 0.1 
M glycylglycine buffer, pH 7.4, 10 wmoles of HeC'™O (187,000 ¢.p.m.), 20 umoles of 
Mgt*tt, 10 wmoles of ATP, 8 wmoles of pL-methionine unless indicated otherwise. 
Total volume, 3.0 ml. Incubated under N, for 2 hours. 


Contents | os 
1 Complete system 37,750 | 19.8 
2 No Mg** 20,000 10.0 
3 “ 18,500 9.8 
4 ‘* methionine | 21,000 | 11.0 
5 Mgtt, ATP, methionine 19,000 10.0 
6 Complete + 25 umoles pi-ethionine «18,000 9.6 
7 +9 “ +10 36,500 19.3 
umoles L-methionine | | 


onine, and its activating effect has been demonstrated before (18-20) by 
other workers. Hence, it is believed that the action of methionine is ac- 
tually mediated after its conversion to homocysteine, in which ATP and 
Mg** are required (24). But, as will be seen later, the effect of ATP 
can also be due to its réle in the formation of THEA from endogenous citro- 
vorum factor. It is interesting that pL-ethionine inhibits the activation 
by methionine and that L-methionine counteracts it in this system (‘Table 
III, Experiments 6 and 7). 
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Figs. | and 2, A present graphically the effect of varying concentrations 
of the different activators. The inhibiting effect of pi-methionine at 
higher concentrations is due to the presence of the p isomer, as seen in the 
curve when L-methionine was used. pL-Homocysteine behaves in the same 
way that L-methionine does. The effects of increasing ATP, Mg*+, and 
glycine concentrations are all similar. 


— =DL-Homocysteine 
---- = -Methionine 
O 2 
i i i 
or 4 - 
5 i i © 1 L 
4 12 i6 200 8 24 32 40 
Micromoles 


Fic. 1, Serine synthesis as a function of varying concentrations of pL-methionine 
(1), L-methionine and pi-homocysteine (B), ATP (C), and Mgt? (D). Each flask 
had 1.0 ml. of 0.1 mM glveylglycine buffer, pH 7.4, 10 umoles of HoC™O, 10 umoles of 
L-methionine, 20 umoles of Mg**, 10 umoles of ATP, 1.5 ml. of enzyme solution, except 
as indicated. Ineubated under N» for 2 hours. Total volume, 3.0 ml. H.C“O = 
189,000 ¢.p.m. 


The optimal pH-activity range was 7.0 to 7.4. Glyevlglycine was found 
to be a better buffer medium than phosphate, Tris, bicarbonate, or maleate, 
because of the extra free glycine formed in it. As indicated by Fig. 2, A 
the optimal amount of serine synthesis occurs when at least 30 umoles of 
glycine are present. When Tris buffer was used, 45 umoles of glycine were 
employed. 

A balance study of the reaction was carried out in the manner described 
by Mitoma and Greenberg (3) and is presented in Table IV. Anaerobi- 
cally, 72.6 per cent of the total added radioactivity remained as unchanged 
formaldehyde and 21.05 per cent was found in serine. Aerobically, 77.7 
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per cent was recovered as formaldehyde and 3 per cent was found in se- 
rine. Some of the radioactivity unaccounted for could be attributed to 
loss by volatilization and fixation or incorporation into other undetermined 
compounds. 


oO 
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atio 
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Fic. 2. A, serine biosynthesis as a function of glycine concentration. Conditions 
as in Fig. 1, except that 1.0 ml. of 0.1 m Tris buffer, pH 7.4, was used. 8B, inhibition 
ratios of deoxypyridoxine to pyridoxal phosphate. Preincubation was carried out 
with 25 ymoles of deoxypyridoxine and pyridoxal phosphate at the indicated ratios 
in the presence of 25 ymoles of ATP with crude enzyme extract (1.0 ml.). The com- 
plete incubation mixture was then added: 10 gmoles of HoC™O, 45 gmoles of glycine, 
1.0 ml. of 0.1 m Tris buffer, pH 7.2. Incubated under N, for 2 hours. H.oC'O = 
189,000 ¢.p.m. 


Freezing and thawing had no effect on the activity of the enzyme prep- 
aration, making it amenable to lyophilization. 


Experiments with Dialyzed-Lyophilized Enzyme Preparation 


Reactivation by Leucovorin (Synthetic Citrovorum Factor) and ATP To- 
gether and by THF A Alone—Following dialysis and lyophilization, the ac- 
tivity of the preparation is almost nil. The activity is restored by ATP 
and leucovorin together and neither alone has any effect (Table VV). Homo- 
cysteine and methionine have no effect either singly or in combination with 
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ATP and ATP + leucovorin. In confirmation of the results of Kisliuk 
and Sakami and of Blakley (15-17), we found that THEA alone is sufficient 
to reactivate the preparation. On the other hand, folic acid alone, or with 
ATP in the presence of reducing agents or reduced DPN cannot replace 
leucovorin, but boiled liver juice can serve as a partial replacement. At 
least 50 mg. of lyophilized enzyme preparation are required for optimal 
activity (Fig. 3, C). 

Fig. 3, B is a plot of serine synthesis as a function of the leucovorin con- 
centration. The plateau is reached at about 350 y of leucovorin. There- 
after all of the experiments were conducted with 400 y of leucovorin. The 


TaBLe IV 
Balance Study of Conversion of Formaldehyde-C™ 
Warburg flasks were used with KOH in the center well: 10 umoles of H2C'™%O 
(18,000 ¢.p.m.), 20 umoles of Mg**, 8 umoles of ATP, 8 umoles of pL-methionine, 10 
umoles of glycine, 1.0 ml. of 0.1 mM glyeylglycine buffer, pH 7.4, and 0.5 ml. of en- 
zyme solution. Incubated under N2 for 2 hours. Total volume, 3.0 ml. 


| Nitrogen Air 
Experiment Co d . 
_ slay Recovered | Per cent Recovered Per cent 
counts recovery counts recovery 
1 CO, 27 0 270 0.15 
2 Protein 228 1.25 141 0.8 
3 _ Formaldehyde 13,100 72.6 14,000 77.7 
4 | Formate 0 0 0 0 
5 Serine | 3,800 21.05 520 3.0 
(17,155 4.9 | 14,931 81.65 


comparatively high leucovorin concentration requirement may be due to 
the mixture of diastereoisomers, only one of which is biologically active (30). 

Fig. 3, D shows the effect of the time of incubation on serine formation. 
The experiment was carried out for 12 hours. The striking extent of 


- formaldehyde conversion into serine, as much as 70 per cent conversion at 


the end of 12 hours, is demonstrated in this experiment. Bacterial action 
is not involved; if it were, the curve would exhibit an induction phase. 
The effect of ATP is presumably concerned with the conversion of leu- 
covorin (N-5-formyl-5,6,7,8-tetrahydrofolic acid) to THFA (5,6,7,8- 
tetrahydrofolic acid), the probable cofactor required for the activation of 
formaldehyde in the biosynthesis of serine. This conclusion, of course, is 
based on the observation that THF A does not require the presence of ATP, 
whereas leucovorin does. 
Speculation on the rdle of ATP leads to the suggestions that ATP can 
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(1) act as an energy source for the conversion of leucovorin to THEA in 
the removal of the formyl group; (2) contribute a molecular species, either 
itself or a breakdown product, which can act as an acceptor for the formyl] 
group of leucovorin. The latter supposition has the merit of some experi- 


TABLE V 
Effect on Serine Synthesis of Leucovorin, Folic Acid, and ATP 
ach flask contained 45 uwmoles of glycine, 10 wymoles of H2C'™O (31,000 ¢.p.m.), 
1.0 ml. of 0.1 m Tris buffer, pH 7.2. Total volume, 3.0 ml. Incubated under N» 
for 3 hours. 50 mg. of lyophilized enzyme (4 days old) were dissolved in 1.0 ml. of 
Tris buffer (THFA prepared according to Broquist et al. (29)). 


Contents 
1 Control 630 1.9 
2 + 10 ymoles ATP 600 1.9 
3 - + 400 y leucovorin 630 1.9 
4 + 400 + 10 uymoles ATP 11,500 36.0 
5 + 400 +8  pL-ho- 540 1.7 
mocysteine 

6 Control + 400 y leucovorin + 8 uwmoles L-methi- 600 1.9 
onine 

7 Control + 10 umoles ATP + 8 umoles pL-homocys- 580 1.8 
teine 

8 Control + 10 umoles ATP + 8umoles L-methionine 720 2.3 

+ 400 y folie acid 660 2.1 

10 +400‘ 10 umoles ATP 670 2.1 

+ 8 umoles pL-homocysteine 

12 Control + 400 y folic acid + 10 uymoles ATP + 8 600 1.9 
umoles L-methionine 

13 Control + 400 y folic acid + 1 mg. DPNH 660 2.1 

14 + 400 ‘6 + + 10 660 2.1 
umoles ATP 

15 Control + 10 wymoles ATP + boiled liver juice 5,950 19.1 

16 “ 4 400 y THFA 11,000 35.5 

17 + 400‘ “ 10 ymoles ATP 11,400 36.7 


mental support from the observation of Buchanan and Schulman (31) on 
the “enzymatic exchange” of formate with carbon atom 2 in inosinic acid 
that is specifically activated by leucovorin. It is conceivable that the 
system contains enzymes which split the purine ring to give “formate” plus 
4-amino-5-imidazolecarboxamide-5’-phosphoribotide. Once this occurs, 
leucovorin can donate its formyl group to resynthesize inosinic acid and 
generate THFA. The THFA is then made available to act as the cofactor 
in the synthesis of serine, or (3) act by a combination of (1) and (2), since, 
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as has been pointed out in the work of G. R. Greenberg (32, 33), energy 
from ATP and the presence of leucovorin are required for purine synthesis 
from formate and the ribotide. 


ISP 
75 
5.0 
> 25 
Le O lO 20 O 200 400 600 
om Micromoles ATP Leucovorin Concen- 
= sol tration (Microgm) 
oO 
30+ 
40+ 
2OF 
D 
Lyophilized Enzyme Time in Hours 


Preparation (Milligrams) 


Fic. 3. Effect of various factors on serine biosynthesis with dialyzed, lyophilized 
enzyme preparation. Each experiment contained 1.0 ml. of 0.1 mM Tris buffer, pH 7.2, 
45 umoles of glycine, 10 umoles of H2C*O, 400 y of leucovorin (except as indicated in 
B), 10 wmoles of ATP (except in A), 50 mg. of lyophilized enzyme (except in C) dis- 
solved in 1.0 ml. of Tris buffer just prior to use. Total volume, 3.0 ml.; N2 gas phase. 
All incubations were for 3 hours except for B, which lasted 1.5 hours, and D as indi- 
eated. HCO = 32,000 c.p.m. except in the leucovorin experiments (B) in which 
the activity was 43,000 c.p.m. 


Possibility (1) was tested by measuring the amount of serine synthesis as 
a function of the ATP concentration (Fig. 3, A). Inasmuch as serine syn- 
thesis is proportional to the amount of ATP present, it is safe to assume 
that ATP is required as an energy source in the conversion of leucovorin 
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to THFA. This energy is not needed for the transfer of the formaldehyde 
group to THEA (to form 5-hydroxymethy1]-5 ,6,7,8-THIFA) and thence to 
serine, because incubations with THEA require no ATP. 

However, this does not exclude a réle of either function (2) or (3), be- 
cause, although the concentration of the molecular species furnished by 
ATP for the acceptance of the formyl group should not approach substrate 
amounts, energy may be required in the reaction involving its “formyla- 
tion”? by leucovorin. Contrary to the latter reasoning, when inosinic acid, 
adenylic acid, 5-amino-4-imidazolecarboxamide (the ribotide was not avail- 
able), and guanylic acid were tried as substitutes for ATP, none of them 
was effective (Table VI). It might be more illuminating if the experiment 


TaBLE VI 
Inability of Different Purine Nucleotides to Replace AT'P 


All flasks contained 50 mg. of lyophilized enzyme, 10 wmoles of H:C'O (36,000 
c.p.m.), 45 wmoles of glycine, 400 y of leucovorin, 1.0 ml. of 0.1 m Tris buffer. Total 
volume, 3.0ml. Incubated under Nz for 1 hour. The enzyme (53 days old at —15°) 
was dissolved in 1.0 ml. of Tris buffer and activated with 5 umoles of reduced gluta. 


thione just prior to use. 


1 Control 3750 | 10.3 
2 10 wmoles inosinic acid | 0.2 
3 +10 ‘* guanylic acid | 24 0.1 
4 “« +10 ‘ adenylic “ | 106 0.3 
5 +10 “ 5-NH2-4-imidazole- 82 0.2 
carboxamide | | 


were repeated by using limiting amounts of ATP and another energy source; 
e.g., phosphocreatine or phosphoglycerate with muscle extract. 

Evidence for Involvement of —SH Enzyme—The enzyme preparation 
loses activity at —15°. This activity is restored by treatment with re- 
duced glutathione, but not with vitamin By, (Table VII). Free —SH 
groups are required for activity when either ATP and leucovorin or THFA 
alone is used as cofactor. Consequently, the need for free —SH groups 
cannot be attributed to the enzyme system converting leucovorin to THFA 
and must be assigned to the enzyme (or enzymes) responsible for the syn- 
thesis of serine from formaldehyde and glycine. 

Confirmatory inhibition studies with hydrogen peroxide and p-chloro- 
mercuribenzoate are presented in Table VIII. Although hydrogen perox- 
ide is not a specific oxidizing agent for the —SH group, the reversal of in- 
hibition by reduced glutathione is indicative that —-SH groups are being 
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oxidized. The more specific —-SH reagent, p-chloromercuribenzoate, of- 
fers confirmatory information. Complete reversal of the inhibition by 
reduced glutathione, because of the competition with the inhibitor, is re- 


VII 
Reactivation of Aged (26 Days at —15°) Lyophilized Enzyme by Reducing Agents 
Keach flask contained 400 y of leucovorin, 10 umoles of ATP, 45 umoles of glycine, 
10 umoles of H2C'*O (43,000 c.p.m.), 1.0 ml. of 0.1 m Tris buffer, pH 7.2, and 50 


mg. of lyophilized enzyme (25 days old) dissolved in 1.0 ml. of Tris buffer just prior 
to use. Incubated under Ne for 1.5 hours. Total volume, 3.0 ml. 


| Contents 
1 | No glutathione | 2000 4.7 
2 | + 5 umoles reduced glutathione | 5750 13.4 
3 | +5 ‘ ascorbic acid 12.1 
4 + 1 mg. vitamin Biz | 9250 *| 5.2 
5* | No glutathione | 2300 CO 6.3 
6* ! + 15 wmoles glutathione 8650 | 23.7 


* Experiments 5 and 6 contained 400 y of THFA, 45 umoles of glycine, 10 umoles 
of H2C¥O (36,500 ¢.p.m.), 1.0 ml. of 0.1 m Tris buffer, pH 7.2, and 50 mg. of lyophil- 
ized enzyme (90 days old) dissolved in 1.0 ml. of Tris buffer just prior to use. In- 
cubated under Ne for 3 hours. Total volume, 3.0 ml. 


TaBLeE VIII 


Inhibition of Serine Synthesis by —SH Reagents; Reversal by Glutathione 


Each flask contained 45 umoles of glycine, 10 umoles of H2C“%O (36,500 c.p.m.), 
400 y of leucovorin, 10 umoles of ATP, and 50 mg. of lyophilized enzyme (80 days 
old). The control (Experiment 1) was left at room temperature for 1 hour in 1.0 
ml. of buffer prior to incubation. Total volume, 3.0 ml. including 1.0 ml. of 0.2 m 
Tris buffer, pH 7.2. 


Contents 
1 25 umoles glutathione 21.5 
2 25 weq. H.O2 (1 hr. at room temperature) 3.8 
3 — “ + 25 umoles glutathione 18.2 
4 1 umole p-chloromercuribenzoate (1 hr. at room tempera- 10.2 
ture) 
5 | 1 umole p-chloromercuribenzoate + 35 umoles glutathione 22.2 


alized only with a high concentration of reduced glutathione. With 
hydrogen peroxide, to restore full activity only enough glutathione is nec- 
essary to neutralize the amount of the oxidant because of the concomitant 
formation of the innocuous products: water and oxygen. 
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The need for —SH groups by this aldehyde-condensing enzyme is remi- 
niscent of other —SH-requiring aldehyde enzymes (cf. Barron (34)). 


TABLE IX 


Inhibition of Serine Synthesis by Deoxypyridoxine (DPX) and Reversal 
by Pyridoxal Phosphate 

In Experiments 2 to 6 the flasks contained 1 ml. of crude enzyme extract prein- 
cubated for 1 hour at 37° with DPX and 25 umoles of ATP plus the indicated com- 
pounds. The control flask (Experiment 1) was preincubated, with 25 wmoles of 
ATP only. After preincubation, the complete incubation mixture was added; | 
ml. of 0.1 mM glyeylglyeine buffer, pH 7.4, 10 umoles of H:,C“O (70,000 ¢.p.m.), and 10 
umoles of glycine. Incubated under N2 for 1 hour. Total volume, 3.0 ml. In kx- 
periments 7 to 12 the flasks contained 50 mg. of lyophilized preparation (90 days old) 
dissolved in 1.0 ml. of 0.2 mM Tris buffer, pH 7.2, and preincubated for 1 hour at 37° 
with 25 umoles of ATP and 25 umoles of DPX plus pyridoxal phosphate (Be PO.) 
when indicated. The controls (experiments 7 and 10) were preincubated with 25 
umoles of ATP only. After preincubation, 1.0 ml. of 0.2 mM Tris buffer, pH 7.2, 10 
umoles of HeC™O (37,500 c.p.m.), and 45 wmoles of glycine were added. 400 y of leu- 
covorin and 10 wmoles of ATP were added in Experiments 7 to 9 and 400 y of THEA 
in Experiments 10 to 12. 15 wmoles of reduced glutathione were used to reactivate 
the enzyme in all flasks. Incubated under N, for 2 hours. 


| Content 
Control (crude extract) 4,950 
+ 25 umoles DPX 2,500 50 
3 | + 25 “ 4-§ 2,300 53.7 

| umoles pyridoxal 
4 Control (crude extract) + 25 umoles DPX + 5 555 SS.9 
pmoles pyridoxamine 
5 Control (crude extract) + 25 wymoles DPX + 5 1,300 | 73.7 
umoles pyridoxine | 
6 Control (crude extract) + 25 wmoles DPX + 5 4,700 | 5 
umoles Bs-PO, | 
7 _ Leucovorin control (dialyzed preparation) 3,400 0) 
8 | “ “ “ +25 | 1,260 | 63 
 umoles DPX | | 
-Leucovorin control (dialyzed preparation) + 5 3,430 0 
umoles Bs-PO, | 
 THFA control zed preparation) «11,000 0 
11 + 25 6,300 47 
DPX 
12 THEA control (dialyzed preparation) + 25 umoles 11,400 | 0 


+ 5 umoles Be-PO, 


Role of Pyridoxal Phosphate 


Nutritional experiments with chicks and bacteria have implicated pyri- 
doxal phosphate as a necessary factor in the biosynthesis of serine. Studies 
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by Kishuk and Sakami (15) zn vitro indicate that the coenzyme is firmly 
hound to the enzyme molecule, as is the case with the transaminases, with 
which resolution of apoenzyme from coenzyme has been impossible or 
extremely difficult (35). 

Our studies have shown that the addition of pyridoxal phosphate to the 
crude extract or lyophilized preparations does not alter the extent of con- 
version of formaldehyde into serine, indicating that pyridoxal phosphate 
is tightly bound to the enzyme protein. Attempts were made to decompose 
pyridoxal phosphate by ultraviolet irradiation. These were suggestive 
but not conclusive. Other work with an aged lyophilized preparation 
indicated a slight reactivation by pyridoxal phosphate. 

Attention was subsequently turned to the use of the pyridoxal antagonist 
deoxypyridoxine. Experiments by Umbreit and Waddell (36) elucidated 
the mechanism of action of this antagonist with the tyrosine decarboxylase 
of S. faecalis and, while our work was in progress, Meister (37) published 
an account of inhibition of glutamic-aspartic transaminase by deoxypyri- 
doxine phosphate. 

Only the dephosphorylated analogue, deoxypyridoxine, was available 
to us, and it was thought that preincubation of the enzyme preparation 
with a high concentration of antagonist in the presence of ATP possibly 
could lead to an inhibition. This suspicion was strengthened since some 
inhibition was observed when a high concentration of deoxypyridoxine was 
added at the time of incubation. For reasons at present unknown, much 
greater inhibition is obtained by preincubating the enzyme preparation 
with ATP and deoxypyridoxine. A composite of the results reported in 
Table IX reveals that counteraction of the inhibition by deoxypyridoxine 
is accomplished only by pyridoxal phosphate, as pyridoxine, pyridoxal, and 
pyridoxamine are ineffective. Pyridoxal phosphate is more effective when 
added simultaneously with deoxypyridoxine. One would expect pyridoxal 
to be phosphorylated and used, but this does not seem to occur. 

Similar results were obtained when THFA and the lyophilized prepara- 
tion were employed (Table IX). 

Pyridoxal phosphate has a high affinity for the apoenzyme and can only 
be replaced when the ratio of analogue to coenzyme is large (Fig. 2, B). 


DISCUSSION 


A comparison of our results with work which has appeared recently 
vields some interesting differences and similarities. 

In the first place, we have observed an activating effect by methionine 
in addition to the activation by homocysteine reported by Berg (18, 19) 
and by Deodhar and Sakami (20). This may not be a true difference and 
the methionine has first to be converted to homocysteine to exert its effect. 
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The action of homocysteine may be exerted in the conversion of endogenous 
liver citrovorum factor to THFA or in the interrelationships of the various 
folic acid derivatives (cf. Doctor et al. (38)). 

Secondly, and more important, none of the work dealing with serine bio- 
synthesis in vitro (19, 15-17) has been able to implicate leucovorin, al- 
though the biosynthesis of purines from formate requires it. It is plausible 
that THF A is the active form of the coenzyme required for the utilization 
of formaldehyde for serine synthesis. Leucovorin is ‘“‘deformylated” in 
the presence of ATP to produce THFA by our preparation. In studying 
purine synthesis, Greenberg (32, 33) reported that ATP reacts with THFA 
(RH,) to form a compound he calls RH,X. This is capable of becoming 
formylated (FRH,X) and subsequently used as the “formylation cofactor.”’ 
Additional work by Nichol (39) also involves ATP and DPN for citrovorum 
factor synthesis. It is conceivable that a similar system occurs in our prep- 
aration. ATP reacts with leucovorin (FRH,) in the same way to give 
FRH,X, which then donates its formyl group to a suitable acceptor (homo- 
cysteine(?) or purine precursor) and forms RH,X or THFA (RHzg,) plus X. 
The THFA thus generated takes part in the conversion of formaldehyde 
into serine. 

Folic acid will not replace leucovorin in our system nor in that of Green- 
berg (32, 33), but he has shown that 7 ,8-dihydrofolic acid plus DPNH can 
replace THFA. On the other hand, Kisliuk and Sakami (15) and Blakley 
(17, 40) have reported activation with folic acid. Vilenkina (41) has also 
reported the reactivation of a dialyzed enzyme preparation by folic acid 
which catalyzed the formation of formaldehyde and glycine from serine. 
Blakley (17) has suggested that folic acid is reduced to THFA by formalde- 
hyde (either added or generated in the serine = glycine conversion), but, 
if such were the case, one would expect this to occur in our system with 
folic acid. Most likely, folic acid is converted to THFA (and citrovorum 
factor) by DPNH and ATP. 

Kisliuk and Sakami (15, 16) and Blakley (17, 40) both worked with 
pigeon liver extracts. Our work has been done with rat liver. This im- 
plies either a difference between the enzymes of the two species or differ- 
ences in the inactivation or elimination of enzymes by the different methods 
of preparation and treatment employed. 

The réle of pyridoxal phosphate in the mechanism of serine biosynthesis 
probably involves the formation of a Schiff base with glycine (15, 23, 42) 
which activates the methylene carbon atom, as proposed by Metzler et al. 
(42). 

The enzymatic mechanism in the accompanying scheme is proposed for 
the biosynthesis of serine. 

Glycine forms the Schiff base with the release of an H* ion and the for- 
mation of a nucleophilic center at the methylene carbon atom. 
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CHO 


+ Ho—~ \—CcH.OPO,- 
NH 


CH, y, 
Glycine 


H—C—COOH + H+ 
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C 


—CH,OPO;-—enzyme 


CH; N a 


ATP 


(2) 5-Formyl-5,6,7,8-THFA (leucovorin) + formyl acceptor , 
enzyme 


THFA + “formylated product”’ 


DPNH, 


acid rura) 


(3) H.C(OH).* + THFA 
—SH enzyme 


5-hydroxymethyl-5,6,7,8-THFAT + H.O 


spontaneous (?) 
or enzymatic 


N H,0, 2H 


(4) 5-Hydroxymethyl-5,6,7,8-THFA + HC—COOH 


CH 


HO CH,OPO;"—enzyme 


CH: yy 


CHO 
CH:0OH 


HCNH;, + THFA + HO | H,OPO; ——enzyme 


COOH CHs—\nv 
* Hydrated formaldehyde. 
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When leucovorin or folic acid is added as the cofactor, each must be con- 
verted to THFA. This is accomplished respectively with ATP and ATP 
and DPNH. The formyl group of leucovorin is yielded to a suitable ac- 
ceptor, e.g. a purine precursor or possibly homocysteine, to generate THEA. 
THEA reacts with formaldehyde to form hydroxymethyl-THFA under the 
action of an —SH enzyme which may be the same or different from the one 
containing pyridoxal phosphate. 

The final step involves the attraction of the nucleophilic carbon atom of 
glycine for the electrophilic 1-carbon unit in hydroxymethyl-THFA. This 
may be spontaneous or enzymatic, and the products are serine, THFA, 
and pyridoxal phosphate-enzyme. 

With THFA as the cofactor, conceivably only one enzyme may be in- 
volved in the over-all reaction (this enzyme would have pyridoxal phos- 
phate firmly bound to it). With leucovorin and ATP as the source of the 
cofactor, at least two and possibly more enzymes are required. Fraction- 
ation studies should help to elucidate this. 


SUMMARY 


1. A cell-free, soluble rat liver enzyme has been obtained that anaero- 
bically catalyzes the synthesis of serine from glycine and formaldehyde. 
The breakdown of serine to glycine and formaldehyde by the preparation 
is slight in comparison. 

2. Methionine or homocysteine, ATP, and Mgt* are activators in the 
conversion. The action of methionine is probably mediated through its 
ability to form homocysteine. ATP is probably involved in the conversion 
of endogenous citrovorum factor to THFA. 

3. A significant finding is the loss of activity by dialysis, which can be 
restored by ATP and leucovorin together or by THFA alone. 

4. Preincubation with ATP and deoxypyridoxine inhibits the system. 
The inhibition is reversed by pyridoxal phosphate. 

5. Studies with hydrogen peroxide and p-chloromercuribenzoate show the 


enzyme to require —SH groups for activity. 
6. A general mechanism for the biosynthesis of serine is presented. 
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THE SPECIFIC AMINO ACID REQUIREMENTS OF A MAMMA- 
LIAN CELL (STRAIN L) IN TISSUE CULTURE 


By HARRY 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Microbiological Institute, National Institutes of Health, 
Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


PLATE 1 


(Received for publication, November 19, 1954) 


There have been many attempts to devise chemically defined media 
which will permit the propagation of mammalian cells in tissue culture, 
without supplementation by serum, plasma, or tissue extractives. To date, 
these attempts have not been successful. Although some of these media, 
notably those recently developed by Morgan, Morton, and Parker (1) and 
by Healy, Fisher, and Parker (2), permit the survival of some cell lines for 
long periods, in our hands none has allowed continuing multiplication on 
serial subculture. Growth can be obtained on the addition to such media 
of a small amount of serum, but the medium is then no longer chemically 
defined and no longer permits the delimitation of the essential growth 
requirements of the cell. 

Recognizing this difficulty, Fischer (3) had used the expedient of supple- 
menting a defined medium with dialyzed chicken plasma, serum, and em- 
bryo extract, in the hope that the essential small molecular weight com- 
ponents of the defined medium could then be identified. On the omission 
of either cystine, arginine, tryptophan, glutamine, or histidine and proline, 
there was in fact a decrease in the amount of radial growth from a chick 
embryo myoblast explant. However, growth was not prevented, and no 
single component could be rigorously characterized as essential to survival 
and growth. In the light of the data to be reported here, it is possible (a) 
that the culture materials used by Fischer were not adequately dialyzed, 
(b) that the large amounts of plasma and serum employed (more than 50 
per cent by volume) contained compounds which could substitute in part 
for the amino acids, or (c) that the diameter of radial growth around the 
explant was not a true measure of cell proliferation. In any event, in the 
simpler system used here, in which cells were grown on a glass surface, the 
addition of small amounts of dialyzed horse serum to an otherwise defined 
medium permitted long term propagation of the adult mouse fibroblast 
(I. strain). In such a limiting medium, the omission of a single essential 
growth factor now resulted in the early death of the culture, and it proved 
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possible to define, both qualitatively and quantitatively, the specific amino 
acid requirements of this cell line. 

Subsequent papers will describe the specific amino acids essential for 
other cell lines, their minimal vitamin and salt requirements, the important 
role of glutamine, and the function of the serum protein. 


Methods 


Technique of Cultivation—The cell line used in these experiments was the 
L strain of mouse fibroblast cultured from a single cell by Sanford, Earle, 
and Likely (4). When a suspension of these cells is placed in a flat bot- 
tomed flask, the cells sediment and adhere to the glass, where they grow out 
as a monocellular layer which eventually covers the glass surface (5). 
Stock cultures were grown in a medium consisting of 6 per cent horse 
serum,' 20 per cent chick (or beef) embryo extract ultrafiltrate,’ 73 per 
cent Earle’s balanced salt solution, and 1 per cent of an antibiotic mixture 
containing 5 mg. per ml. of penicillin, 5 mg. per ml. of streptomycin, and 
0.5 mg. per ml. of phenol red.'. The stocks were maintained in 1 liter 
Blake bottles containing 40 to 50 ml. of medium. The experimental flasks 
were the T-15 flasks described by Earle and Highhouse (6), modified by 
placing the neck on the triangular instead of the flat end of the flask. For 
the experiment, a 7 to 10 day Blake bottle culture (approximately 10 to 
20 & 10° cells) was scraped into, for example, 100 ml. of the stock medium, 
the cell count was determined (7), and the appropriately diluted suspension 
distributed in 2 ml. amounts into the experimental flasks. (The size of the 
inoculum, 7.c. the number of cells introduced into the flask, as well as the 
number which had adhered to the glass at the time of the first feeding, was 
determined on four to eight flasks and varied in early experiments from 
80,000 to 250,000 cells per flask. In later experiments, the inoculum was 
standardized at 200,000 to 250,000 cells.) 24 hours later, after the cells 
had adhered to the glass, the fluid was withdrawn, the flasks were washed 
with 1 ml. of the various experimental media (containing the components 
of Table I in varying combination supplemented with 0.5 to 2 per cent of 
dialyzed horse serum), and 2 ml. added for actual incubation. 

The medium was replaced after 24 hours at 37° and again at 2 to 3 day 
intervals until a solid sheet had formed. With ‘complete’? media this 
usually required 5 to 8 days. The cell count was then determined, and the 
culture flasks either discarded or divided. For division, the supernatant 
fluid was withdrawn, 4 ml. of fresh medium were added, and the cells 
scraped off the glass into the fresh medium. 2 ml. of the suspension were 
then plated into a fresh flask, and the remainder was used for the cell count. 
The technique of cell enumeration was based on that described by Sanford 


' Purchased from Microbiological Associates, Bethesda, Maryland. 
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0.4 ml. of the cell suspension was added to 0.4 ml. of a solution 
containing 0.2 mM citrie acid and 0.02 per cent crystal violet. 


The discrete 


nuclei were sufficiently stained for counting in a hemocytometer within 


10 to 15 minutes. 


Amino acids (L- or pDL-), 


TABLE I 


Basal Medium* Used for Identification of Essential Growth Requirements 
of Mouse Fibroblast (L Strain) 


Additional growth 


Vitamins, 10°* to 10°* gm. Inorganic | 

0.1 to 1 mM per ml. salts | factors, mm 
Alanine p-Aminobenzoie acid NaCl Choline 0.005 
Argininet Ascorbic acid KC] Glucose 5.5 
Aspartic acid Biotin NaH.PO, Glutamine 0.5 
Cystinet Folie acid NaHCO, Glutathione 0.1 
Glutamie acid Nicotinic acid CaCl, Inogitol 0.1 
Glycine Nicotinamide MgCl, 
Histidine} Pantothenic acid Fe(NOs); 
Hyvdroxyproline Pyridoxal 
Isoleucine} Pyridoxine 
Leucinet Riboflavin 
Lysine} Thiamine 
Methioninet a-Tocopherol 
Phenylalaninet Vitamin A 
Proline D 
Serine K 
Threoninet 
Tryptophant 
Tyrosine} 
Valinet 


* Supplemented with 0.25 to 2 per cent of dialyzed horse serum. A number of 
the components used in various ‘‘synthetic media’’ proved unnecessary for the 
growth of the L strain and are not listed above: purines, pyrimidines, acetate, pyru- 
vate, coenzyme A, adenylic acid, adenosine triphosphate, diphosphopyridine nu- 
cleotide, triphosphopyridine nucleotide. Further, as will be shown in the present 
and following papers, almost half of the components listed in the table ultimately 
proved to be non-essential. 

t Concentrations as provided in EKarle’s balanced salt solution (8). The Fe(NO;); 
was used at a final concentration of 10°7. 

t Here shown to be essential for survival and growth. 


Results 


Identification of Essential Amino Acids—In a medium such as that out- 
lined in Table 1, containing all the amino acids in concentrations of 0.1 to 
| mm, a number of vitamins at concentration ranges of 10-* to 10-8 gm. per 
ml., and arbitrarily selected accessory growth factors and inorganic salts, 
the cells often survived for days, but eventually, and particularly after 
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TaBLe II 


Twelve Amino Acids Essential for Survival and Multiplication of L Strain 
Mouse Fibroblast and Seven Non-Essential 


Incubation Final cell Degree of Mi PF 
count X prolifera: icroscopic 
| tion*t 


Amino acid omitted from “Inoculum 
medium 


| Healthy, spindle- 
shaped, and stellate 
cells, grown out to 
form solid sheet on 
surface of glass 


| 
_| 
0 (Complete ection, 9 | 
control) 9 


te 


Discrete cells dead or 
degenerating; many 
floating in medium; 
those still adherent 
were pyknotic, 
granular, or vacuo- 
lated; nucleus 
count fell off pro- 
gressively on con- 
tinued incubation 


Arginine 21 


Cystine 9 


Histidine 21 


Isoleucine 


Leucine 21 


J sysi ne 13 


Methionine 21 


Phenylalanine 21 


Threonine 21 


Tryptophan 21 


Tyrosine | 


Valine 
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TaBLe II1—Concluded 


— 


| ion| Fi 
Alanine | 9 7 20 2.2 | Healthy, spindle- 
| 18 8 46 2.6 shaped, and stellate 
Aspartic acid | 9 15 55 6.1 cells, grown out to 
18 8 66 3.7 form solid sheet on 
Glutamic acid | 9 7 32 3.6 surface of glass 
| 13 I 58 4.5 
Glycine | 9 ie 32 3.6 
| 13 7 | 48 3.7 
Hydroxyproline IS 8 48 2.7 
Proline | 9 | 15 61 6.8 
a 44 | 2.4 
| 13 6 | | 3.4 
IS 87 4.8 


* ach figure listed represents a different experiment, and each is the average of 
two to five experimental flasks. 

t Cell count after incubation is here referred to the inoculum as 1. Numbers 
less than 1 reflect degeneration and lysis of the inoculum. 


attempts to subdivide such cultures into fresh medium, the cells rapidly 
degenerated and died. However, when this chemically defined mixture 
was supplemented with 0.5 to 2 per cent dialyzed horse serum, with no 
other serum or tissue derivative, the cells not only survived, but grew out 
on the surface of the glass to form a continuous sheet within a period of 5 
to 8 days (see Fig. 1). The average generation time under the conditions 
of the present experiments varied from 2 to 3 days. On subdivision, the 
cells again grew out, and in a number of experiments growth in this medium 
was maintained for periods of 4 to 8 weeks with no apparent change in the 
rate of growth or in the appearance of the cells. Although not discussed in 
the present paper, it is to be emphasized that the multiplication of the cells 
as measured by nucleus counts was paralleled by an increase in total cell 
volume, cell mass, and protein N. 

If, from such a medium, one omitted a single essential amino acid, there 
Was no significant multiplication. After a period which varied from 1 to 3 
days, depending on which amino acid has been omitted, obvious degenera- 
tive changes occurred, and the cultures soon died (ig. 2). In this man- 
ner, twelve amino acids (arginine, cysteine (cystine), histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, tyro- 
sine, and valine) were shown to be essential for survival and growth (see 
upper portion of Table II). 
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Under the conditions of the present experiments, seven amino acids 
(alanine, aspartic acid, glutamic acid, glycine, hydroxyproline, proline, 
and serine) were not essential (lower portion of Table II). In their absence 
the cells continued to proliferate after repeated subdivisions over a period 
of at least 6 weeks. It is unlikely that the 0.05 to 0.1 per cent of serum 
protein in the medium was supplying these seven amino acids. Were the 
protein being broken down sufficiently to furnish adequate amounts of 
those apparently non-essential compounds, it would reasonably be ex- 
pected to supply at least some of the other twelve, particularly since two of 


TasLe IV 
Effective Concentrations of Each of Twelve Amino Acids Required for 
Growth of L Strain Fibroblast in Tissue Culture 


Minimal concen- Concentration per- Concentration in 


Amino acid (L configuration) | “mouse pleoma® 
mM | mM | mM 
Arginine 0.01 (0.05 | 0.056 
Histidine | | 0.002 0.01 | 0.10 
Isoleucine | 0.01 0.1 0.2 | 0.12 
Leucine... | 0.005 -0.01 0.05 0.18 
Lysine... 0.02 0.05 | 0.44 
Methionine . 0.005 0.02 0.05 0.13 
Phenylalanine 0.005 -0.01 0.02 0.15 
Threonine. . 0.01 0.05 0.3 
Tryptophan 0.00125 0.005 | 0.10 
Tyrosine 0.005 -0.01 | 0.02-0.05 0.14 
Valine. | | 0.05 | 0.37 


* After Albritton (11). 


the latter were growth-promoting in a concentration of 0.001 umole per 
ml. Further, it is to be noted that the seven amino acids not required for 
growth under the conditions of the present experiments are similarly non- 
essential for the whole animal (9, 10). 

Microscopic Changes Produced by Specific Amino Acid Deficiencies and 
Reversal on Restoration of Missing Component—Profound changes occurred 
in the microscopic appearance of the cells when any one essential amino 
acid was omitted from the medium. These are illustrated in Fig. 2 and 
will be described in detail in a following communication. For the first 2 to 
6 days, these cytopathologic effects of an amino acid deficiency were com- 
pletely reversible. On the addition of the missing amino acid to the me- 
dium, normal cellular structure was reestablished within | to 3 days. The 
damaged cells then resumed multiplication, and the culture became mor- 
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phologically indistinguishable from control, untreated cells. This revival 
of cells suffering from a specific amino acid deficiency is illustrated for one 
compound, lysine, in Fig. 4. 

Effective Concentrations of Twelve Essential Amino Acids—The effective 
concentrations of each of the twelve essential amino acids were now deter- 
mined by measuring the amount of cell proliferation within 6 to 8 days in 
media containing fixed amounts of eleven amino acids and varying con- 
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CONCENTRATION OF SPECIFIC AMINO ACID 
IN MEDIUM, MICROMOLES PER ML. 


Text-Fiac. 1. Illustrating two types of growth response to amino acid. In the 
left-hand section, methionine and tryptophan showed a well defined optimal range, 
with inhibition of growth in excess of that optimum. With the three essential 
amino acids (shown in the right-hand section), concentrations greatly in excess of 
the maximally effective level had no significant effect on the rate of multiplication. 
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centrations of the twelfth. In these experiments, all the compounds were 
in the L configuration. A typical experiment is illustrated in Fig. 3, which 
shows the striking differences in the microscopic appearance of the cultures 
as the concentration of a single amino acid was varied. The results of a 
number of similar experiments are summarized in Tables III and IV and 
in Text-fig. 1.? 


? The difference in the maximal degree of cell proliferation observed in individual 
experiments is of no significance. In large part, it reflects the progressive modifica- 
tion in the composition of the medium as the work progressed and as the optimal 
level of the various components was more precisely defined. 
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With each of the twelve amino acids there was a well defined maximally 
effective concentration, which varied from 0.005 ywmole per ml. in the case | 
of tryptophan to 0.1 to 0.2 umole per ml. in the case of isoleucine (see | 
Table IV). Although the absolute requirements for the individual amino 


TABLE V 


Showing That pv Enantiomorphs of Essential Amino Acids Do Not Support 
Growth of L Fibroblast; nor Do They Inhibit Growth Response 


to Isomer 
IConcentration in| | ‘Concentration in! 
medium of Growth | medium of Growth 
Amino acid response* Amino acid response* 
| in 6-8 days ——————— | in 6-8 days 
| L- D- | L- 
mM mM mM mM 
Arginine 1 0.42¢ | Methionine 0.3 
0.1 0.45 0.1 0.45 | | 
0.1 3.7 0.1 4.4 
1 0.1 2.9 1 0.1 4.7 
Cystine 1 0.4 Phenylalanine 0.8 
0.1 0.35 1 0.6 
0.1 4.7 0.1 4.6 { 
l 0.1 | 3.8 l | 0.1 3.8 ‘ 
Histidine 0.45 | Threonine 0.15 
0.05 0.41 0.1 I 
0.01 | 4.4 0.1 4.2 £ 
0.01 3.8 0.1 3.3 t 
Isoleucine 1 1.05 Tryptophan 0.01 0.64 f 
0.1 0.24 0.01 3.5 
0.1 5.2 0.1 0.01 2.7 
| al 
Leucine Tyrosine | 0.33 
0.1 0.1 0.25 
0.1 7.3 0.1 5.1 it 
| 0.1 8.2 l 0.1 4.3 
Lysine 0.33 0.17 Valine | 1 0.15 
0.1 0.1 0.12 ti 
0.1 | 3.1 | (0.1) 4.8 
fo 


* Referred to inoculum as 1. 
t Numbers less than | indicate that the cells had degenerated and lyzed, instead pl 


of multiplying. 
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acids thus varied 20-fold, the shapes of the dosage-response curves at sub- 
optimal concentrations were remarkably uniform (left-hand portion of 
Text-fig. 1). With most of the compounds, one-half to one-fifth of the 
maximally effective concentration barely permitted survival and limited 
multiplication, and, at concentrations intermediate between that minimal 
maintenance level and the concentration required for maximal growth, 
there was a progressive and uniform increase in the rate of cell multiplica- 
tion.” 

At concentrations in excess of the maximally effective level, however, 
the amino acids fell into several groups, as illustrated in Text-fig. 1. With 
methionine and tryptophan there was a sharply defined optimal level at 
0.05 and 0.005 to 0.02 umole per ml., respectively. Concentrations in ex- 
cess of that optimum caused a marked and progressive inhibition in the rate 
of cell multiplication (left-hand portion of Text-fig. 1). With isoleucine 
and phenylalanine there was slightly decreased growth at a,concentration 
of 5 umoles per ml. With all the remaining compounds, however, con- 
centrations as high as 5 wmoles per ml., 50 to 500 times those which pro- 
vided for maximal growth, had no significant effect on the rate of multiplica- 
tion (see Table III and right-hand section of Text-fig. 1). : 

Relative Growth-Promoting Activity of D- and L-Amino Acids—None of 
the twelve essential L-amino acids could be replaced by their D enantio- 
morphs. Commercial samples of p-leucine, p-methionine, and p-pheny]l- 
alanine did have a growth-promoting activity 5 to 10 per cent that of the 
L isomer. However, pure samples obtained by enzymatic resolution (12), 
generously made available by Dr. Jesse Greenstein, proved inactive, and 
the weak growth-promoting activity of the commercial product was there- 
fore referable to contamination with the L isomer. 

Although the p-amino acids did not support growth, none was actively 
growth-inhibitory under the conditions of the present experiments. Media 
containing the essential L-amino acids at optimal levels, plus a single p- 
amino acid at 5 to 10 times the concentration of the corresponding L isomer, 
were just as active in supporting growth as the mixture containing the L- 
amino acid alone (Table V). 

DISCUSSION 

The present experiments describe the specific amino acid requirements in 
tissue culture of the single cell L strain of adult mouse fibroblast. It is of 
interest that the requirements were qualitatively greater than those of the 
intact animal. Nine amino acids have been described (9, 10) as essential 
for the adult mouse (histidine, isoleucine, leucine, lysine, methionine, 


phenylalanine, threonine, tryptophan, and valine). Not only were these 
nine compounds essential for the growth of the mouse fibroblast in vitro, 
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but in addition arginine, cysteine (or cystine), and tyrosine. The isolated 
cell thus had a triple requirement for phenylalanine, tyrosine, and trypto- 
phan and, similarly, needed both cystine and methionine. 

It is possible that the cell under present study can in fact synthesize the 
three essential amino acids which are not similarly essential to the parent 
animal (arginine, cystine, tyrosine), but only at a slow rate. That slow 
synthesis might suffice for cellular multiplication in vivo, but would be in- 
adequate for the much greater rate of growth observed in vitro. It is 
further possible that the nutritional requirements of this cell line have 
been profoundly modified in the course of 6 years of cultivation in vitro. 
However, if neither of these possibilities is correct, and if the growth re- 
quirements of mouse fibroblasts in vivo are qualitatively the same as those 
here found in vitro, it would follow that, on a diet containing only the nine 
amino acids essential for the adult mouse, other body cells elaborate the 
additional three amino acids required by this fibroblast, or utilizable pre- 
cursors of those acids. If this proves to be a general phenomenon, if cells 
of varying function do in fact differ materially in their nutritional require- 
ments, then different cell types, even within a single organ or tissue, may 
significantly affect each other’s growth rates. Further, in studying the 
metabolic activities of tissue slices or homogenates, one would be measuring 
the composite and possibly qualitatively varying activities of a number of 
different cell types. 

One of the most striking aspects of the present studies was the complete 
arrest of cell growth and multiplication on the omission of a single essential 
amino acid from the medium, the marked changes which then occurred in 
the microscopic appearance of the cells, and the complete reversal of that 
cytopathogenic effect if the missing amino acid was restored to the me- 
dium within a period of 2 to 6 days. The metabolic activities of the cell 
which permit the utilization of the essential amino acids thus remain func- 
tional despite the marked cytopathologic changes caused by an amino acid 
deficiency. Studies are now in progress to determine whether a single amino 
acid deficiency prevents protein and nucleic acid synthesis as effectively as it 
prevents cellular growth and multiplication, or whether there is a continu- 
ing formation of new protein and nucleic acid at the expense of preexisting 
cell components. 

The failure of any of the p isomers of the twelve essential amino acids to 
support the growth of the cells studied here is in keeping with the fact that 
D-amino acid oxidases have to date been demonstrated only in liver or 
kidney (references cited by Meister (13)). 

Many explanations have been suggested for the fact that cells in culture 
usually multiply at a rate greatly exceeding their estimated rate of growth 
in vivo. One possibility is that one or more essential metabolites are 
present in the body fluids in either growth-limiting or growth-inhibitory 
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concentrations. With respect to the former, the present experiments 
indicate that, at least for the cell studied here, the concentrations in mouse 
plasma of ten of the essential amino acids are significantly in excess of those 
necessary for growth at a maximal rate in vitro (see Table 1V). With 
arginine and isoleucine, however, the concentrations in the plasma are 
sufficiently close to those needed by the cell for optimal growth to suggest 
that the concentrations in the tissue fluids might in fact be growth-limiting 
(Table 1V). As to growth inhibition, under the conditions of the present 
experiments even a large excess of the essential amino acids (up to 5 uwmoles 
per ml.) failed to inhibit growth significantly, except in the case of methio- 
nine and tryptophan. With methionine, the plasma concentration of 0.13 
umole per ml. was well below the growth-inhibitory level of 0.5 umole per 
ml., but with tryptophan, the plasma concentration of 0.1 umole per ml. 
sufficed to cause a significant diminution of growth in two of three experi- 
ments (see Table III). . 


SUMMARY 


Mouse fibroblasts (L strain) were grown on a medium consisting of a 
limited number of chemically defined compounds, supplemented with 0.5 to 
2 per cent of dialyzed horse serum. 

1. On such a medium, twelve amino acids in the L configuration proved 
to be essential for growth (arginine, cysteine (cystine), histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, tyrosine, 
and valine), and seven proved non-essential (alanine, aspartic acid, gluta- 
mic acid, glycine, hydroxyproline, proline, and serine). It is of interest 
that three of the essential compounds (arginine, cystine, and tyrosine) are 
not essential for the growth of the whole animal. 

2. In the absence of any one of the essential amino acids, there was no 
multiplication, and the cells degenerated and eventually died. During 
the first 2 to 6 days, however, the cytopathologic changes caused by a single 
amino acid deficiency could be reversed by restoring the missing compound 
to the medium, and the recovered cells then resumed multiplication at a 
normal rate. 

3. The concentration of the individual amino acids permitting growth at 
a maximal rate varied 20-fold, from 0.005 umoles per ml. in the case of 
tryptophan to 0.1 to 0.2 umole per ml. for isoleucine. At lower concentra- 
tions, the rate of multiplication fell off sharply. At higher concentrations, 
even 50 to 500 times the maximally effective level had no significant effect, 
except in the case of tryptophan and methionine. With these, concentra- 
tions of 0.05 and 0.5 umole per ml., respectively, caused a distinct retarda- 
tion of growth. 

4. None of the p isomers of the essential amino acids supported growth, 
but none inhibited the growth-promoting effect of the L isomer. 
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EXPLANATION OF PLATE Il 


Fic. 1. The growth of a mouse fibroblast (L strain) in a ‘‘ecomplete’’ medium 
(Table 100. 

Fic. 2. Illustrating the death of the L strain in a medium deficient in a single 
amino acid (L-lysine). XX 100. 

Fic. 3. Illustrating the growth response of the L strain as the concentration of a 
single essential amino acid (isoleucine) was varied, all other components in the me- 
dium remaining constant. X 100. 

Fig. 4. Illustrating the recovery of the L strain from a specific amino acid defi- 
ciency (L-lysine) when the missing component was restored to the medium in optimal 
concentration. Cells, which had been exposed to a lysine-deficient medium for 2 
days and which were largely degenerated in consequence, resumed their normal ap- 
pearance within 2 days and went on to multiply at a normal rate. X 100. 
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THE OCCURRENCE AND MECHANISM OF THE HEXOSE 
MONOPHOSPHATE SHUNT IN RAT LIVER SLICES* 
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It was recently shown by Bloom et al. (1, 2) that, in liver, the Ist carbon 
of glucose is converted to CO, to a larger extent than is the 6th carbon, 
and that the C“O, derived from glucose-1-C™ exceeds that from glucose 
evenly labeled with C“. These workers suggested that the hexose mono- 
phosphate shunt plays a significant réle in glucose metabolism in liver. 
A previous report from this laboratory dealt with equations, for estimating 
the extent of the hexose monophosphate shunt in that tissue (3). In the 
present report, those equations have been extended, and the assumptions 
upon which they are based have been examined. The operation of this 
shunt in liver slices was studied, and some phases of its mechanism have 
been elucidated. 

Materials and Methods 


Preparation of Labeled Substrates—Glucose evenly labeled with C' 
(glucose-E-C') was prepared photosynthetically as described by Putman 
and Hassid (4). Glucose-1-C™ and ribose-1-C'™ were purchased from the 
National Bureau of Standards. Glucose-6-C"™ was prepared by the method 
of Sowden (5) as modified by Roseman (6). All sugars were checked chro- 
matographically for purity. 

Incubation Procedure—Long-Evans rats weighing from 200 to 300 gm. 
were fed a high carbohydrate diet (7) for 3 days before they were sacrificed. 
The preparation of liver slices and the incubation techniques were described 
in previous reports (8). 

Isolation of C™-Glucose from Incubation Mixture and Determination of 
(™ Content of Its Individual Carbon Atoms—Glucose-C™ was isolated 
chromatographically on paper (8) and eluted with water. Carrier glucose 
was added, and the solutions were concentrated. The C'-glucose was 
degraded by fermentation with Leuconostoc mesenteroides which yields CO, 
from carbon 1, ethanol from carbons 2 and 3, and lactate from carbons 4, 
5, and 6 (9). The organisms were grown for 12 hours and harvested es- 
sentially as described by Gunsalus and Gibbs (9). The organisms were 
washed three times and tested for activity before use. 

* This work was supported by a contract from the United States Atomic Energy 
Commission. 
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The type of flask used for fermentation has been described elsewhere 
(10). The fermentation mixture consisted of the cells from about 1 liter of 
growth medium, 0.4 mmole of the C'4-glucose, and 5 ml. of 0.5 m phosphate 
buffer (pH 6.0) in a final volume of 12 to 15 ml. The vessels were flushed 
with nitrogen, alkali was added to the center wells, and the vessels were 
capped and evacuated with a hypodermic needle. The fermentation was 
terminated after 1 hour, and the organisms were removed by centrifuga- 
tion. The recovery of CO, was quantitative, but that of ethanol and lac- 
tate ranged from 60 to 70 per cent. The ethanol was obtained by distilla- 
tion of about one-half the volume of the neutralized medium, then oxidized 
to acetate with acid-dichromate (11), and the acetate was recovered by 
steam distillation. The non-volatile fraction containing the lactate was 
acidified to pH 2, excess silica was added, and the fairly dry mixture was 
extracted on a Biichner funnel with a 1:1 mixture of wet n-butanol-chloro- 
form. In some experiments, anhydrous sodium sulfate was used instead of 
silica, and the dry mixture was extracted with ether. Water was added to 
the extract, the lactate was then titrated with base, and the organic sol- 
vents were evaporated. The methods used for the degradation of lactate 
and acetate were described elsewhere (12). 

When glucose-1-C', -2-C™, and -6-C' were degraded by this procedure, 
about 2 to 5 per cent of the C™ was recovered in carbons other than 1, 2, 
and 6. This may be due in part to some side reactions of bacterial metabo- 
lism; hence, incorporation of the order of 5 per cent of the C" in any 1 
carbon is not considered significant. 


Evaluation of Hexose Monophosphate Shunt in Liver Slices 


The conversions of glucose-1-C™, -6-C™, and -E-C™ to are com- 
pared in Table I. In each experiment, separate portions of a single liver 
were incubated with either glucose-1-C', -6-C"™, or -E-C". When glucose 
served as the sole substrate, the C“O, yields ranged from 2 to 13 per cent 
for glucose-1-C"™, from 0.7 to 4.5 per cent for glucose-6-C"™, and from 2 to 
5 per cent for glucose-E-C™. It should be noted, however, that, in the 
case of each liver, the C“O, recoveries from glucose-1-C™ were about the 
same as that from glucose-E-C™ and were appreciably higher than those 
observed with glucose-6-C™. This is reflected in the values for the ratio, 
U, from glucose-EK-C") /(C'O, from glucose-1-C™), which ranged 
from 0.7 to 1.2 (except for a single value as high as 2), and the ratio, W, 
(C4%O, from glucose-6-C'™) /(C'O. from glucose-1-C™), which ranged 
from 0.33 to 0.65. 

The values for ratios U’ and W observed here in experiments in which 
glucose served as the sole substrate were higher than those reported by 
Bloom et al. (1, 2). These investigators, however, added 50 umoles each 
of lactate, acetate, and gluconate to their incubation media. Table I x 


Oxidation of Variously Labeled C'4-Glucose 


250 mg. of liver slices were incubated in 2.5 ml. of Ringer-bicarbonate buffer at 
pH 7.3 (24) containing (unless otherwise stated) 55 umoles of labeled glucose. The 
addition referred to by + was a mixture of 50 umoles each of acetate, lactate, and 
gluconate as their Na salts. 
incubation at 37°. 


Rat No. 


10 


11 


16 


17 


18 


Label in 
glucose 


C-6 
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++ ++ +4 
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Gas phase 95 per cent O2-5 per cent COr. 


3 hours 


Contribution of 
glycolysis to 


| 
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W = ya 
| 
(F)t 

98 
70 
72 
72 
67 
64 
47 = 
61 
31 
me 78 
49 
72 
25 

0.36 

0.12 

0.36 

0.14 

0.65 

0.21 


TABLE I 
| | Per cent of ae 
| | added C-E 
| | recovered * C-1 
| | 
3 | 2.0 
C-] | 
4 C_E | 0.95 | 
| C-1 | 
5 | | 1.02 
| 
6 C_E | | 0.98 | 
7 | 0.87 | 
| 
| | 
ae 
| | 0.37 
| | | 
| 0.57 
“a | | 1.2 
| 0.32 
| 
| 
CA + | | 
| | 
| | 
| 
C-] | 
| 
| (*-1] | 
| 
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TABLE I—Concluded 


| of 
colysis to 
mot No, | | Addition | | _ ce ce 
Ct C-1 CO: formed | Glucose 
| from oy | catabolized 
| (E) 
| percent _—_—iper cent 
19 C-6 0.39 91 77 
C-1 | 13.1 | | 
C-1 + 17.7 | | 
20t C-E 2.0 0.96 | 71 
C6 0.7 71 
C-1 2.1 | 
21t C-E 3.3 0.69 
C6 1.6 0.33 | 88 71 
C-1 4.8 | 


* Calculated from Equation 1 or 2 with R = 2.7. 

t Calculated from Equation 3 or 4 with R = 2.7 and P = 3.1. 

t In the experiments carried out with the livers of these rats, only 3 wmoles of 
labeled glucose were incubated in 2.5 ml. of the medium with 250 mg. of slices. 


shows that, when these additions are made, there is a lowering of the values 
for both ratios. It should be noted, however, that the concentrations 
(0.02 m) of lactate, acetate, and gluconate used by us were twice those 
used by Bloom e¢ al. (1, 2) and that the CO, ratios obtained by us upon the 
addition of these compounds were lower than the ones reported by Bloom 
et al. These additions considerably depressed the C™QO, yields from glu- 
cose-6-C" and glucose-E-C™, but had little or no effect on the CQO, yields 
from glucose-1-C"™. 

In order to evaluate the relative significance of the glycolytic and non- 
glycolytic pathways of glucose metabolism in rat liver, Bloom et al. (1) 
made the following three assumptions: (1) that glucose is catabolized to 
CO, by only two pathways, namely, Embden-Meyerhof glycolysis plus 
Krebs cycle and the direct oxidative pathway, (2) that, via the oxidative 
pathway, only the aldehyde carbon of glucose contributes to the COs, and 
(3) that, glycolytically, glucose yields 2 triose molecules whose carbons give 
rise to COs in the same proportion as do the respective carbons of added 
lactate. On the basis of these assumptions, equations relating the ratio 
U’ to the recoveries of CQO. from lactate-1-C'™, -2-C™, and -3-C™ and the 
conclusion that a major portion of the CO, derived from glucose catabolism 
arose via the shunt were derived. A subsequent examination of these 
equations and calculations by Katz et al. (3) showed, however, that the 
amount of CO, produced from glucose by liver slices, via the direct oxida- 
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tive path, is small, and that the major portion of the CO, derived from 
glucose was formed glycolytically. 

In the above considerations we have dealt only with the CO, derived 
from glucose. We must also consider the fraction of the glucose molecules 
catabolized by each pathway. Let us designate the fraction of the CO» 
derived glycolytically as E and the fraction of the glucose catabolized glycolyt- 
ically as F. Both EF and F can be expressed as functions of the CO, 
ratios U and W. 

Expressions for / were derived previously (3) and are given in Equations 
1 and 2. 


R(6U — 1) 
(2) 


~ 1+ W(6R — 1) 


where the parameter FP is equal to (¢ + d + e)/3e and c, d, and e are the 
vields of the C"O. recovered from lactate-1-C™, -2-C™, and -3-C™, respec- 
tively. 

“xpressions for F’, the fraction of glucose catabolized glycolytically, can 
be derived if it is assumed that the carboxyl carbons of the phospho- 
pyruvate derived from glucose are completely oxidized to CO». Then 
each mole of glucose oxidized glycolytically yields 2(¢ + d + e)/c moles of 
COs., and each mole of glucose oxidized via the shunt yields 1 mole of COs. 
Let n be the moles of glucose catabolized, nF moles be the fraction pro- 
ceeding via glycolysis, and n(1 — F) moles that proceeding via the shunt. 
Thus ((nF) 2(¢ + d + e))/e moles of CO, will be formed via glycolysis, 
and n(l — F) moles of COs» will be formed via the shunt. For simplicity, 
let us represent 2(¢ + d + e)/e by P. Employing the expressions for the 
specific activity of the CO. as derived for Equations 1 and 2, we obtain the 
following expressions for F as functions of U and W. 


whence 
R(6U — 1) 


3 
R(P — 1) + U(GR — P) 


Pr 
n 
; 6 6 
U = - 
Ph 
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whence 


| 6RW 
Pil — W) + 6RW 


(4) 


F 


The relation between / and F can be expressed by a simple and useful 
equation. Let m moles of CO, be formed from glucose by both mecha- 
nisms, and let mE and m(1 — E£) moles be formed by glycolysis and the 
shunt, respectively. Since each mole of glucose yields P moles of CO, via 
glycolysis and 1 mole via the shunt, mE/P and m(1 — E)/1 moles of 
glucose, respectively, will be formed via these two paths. The fraction F 


A. 8. 
26+ —— E —— E(R=4) 
! 
22+ 
1O7 
08+ 
5 14+ = 
/ 06+ 
+ Oo 
04. 
067 2° 
fe) 024 
02 
+ + + = 
10 30 50 70 90 #00 10 30 SO 70 90 #00 
% CO, from Glucose via Glycolysis % CO2 trom vio Glycolysis 
or 
% Glucose Catobolized vio Glycolysis % Glucose Catobolized vio Glycolysis 


Fic. 1. Plot of Equations | to 4 


can now be expressed by the equation 


(5) 
pt 

Equations | to 4 are plotted in Fig. 1, with values of 2 and 4 for R and 
3 for P. These values were selected because they represent the range of 
the experimentally determined values for R and P (see Tables I] and IIT). 
Figs. 1, A and 1, B show that, when glycolysis predominates, a small in- 
crease in the extent of the direct oxidative pathway will cause a pronounced 
decrease in the values for the ratios (’ and W. The values for /, as eal- 
culated from Equation 1, are not appreciably altered by changes in the 
parameter R. As shown in Fig. 1, 4, doubling of the value for ? over the 
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whole range of the curve results in only a small decrease in the value of E. 
On the other hand, in the case of Equation 2 (Fig. 1, B), an increase in R 


II 
Oxidation of Lactate-C' and Calculation of Values for R and P 
Each vessel contained 50 uwmoles of labeled di-lactate and 50 umoles of glucose. 
Other conditions as in Table I. 


Per cent of added c+d+e 


Rat No. Label of lactate C™ recovered as R- P= ae + 4 +9 
te 
6 47.8 | 2.8 2.8 
| +-2 | 10.5 (d) | 
C3 | 8.0 (e) | 
7 C1 48.5 (c) | 3.2 2.7 
| © | 
6.8 (e) | 
8 C-1 48.2 (c) 3.0 | 2.8 
C.2 10.2 (d) | 
C.3 | 7.4 (e) 
SA* 40.3 2.6 | 2.8 
C-2 8.2 (d) | 
C-3 7.3 (e) | | 


* This rat was fasted for 24 hours prior to sacrifice. 


Tasce 
Comparison of Values for Parameters R and P Obtained from Various Sources 
| | 
Source No. of rats 
| | Range | Average | Range Average 
Table IL... 4 | 2.63.2 | 2.9 2.7-2.9 2.8 
Bloom et al. (1)* S | 1.7-2.3 | 2.0 | 3.1-3.4] 3.2 
Felts “ (7) 3 2.23.0 | 2.6 3.1-3.4 3.2 
Strisowert 4 | 3.23.8 | 3.4 3.2-3.8 3.3 
Mean | | | 2.7 3.1 


* The incubation medium contained lactate, acetate, and gluconate. 
t Unpublished experiments. 


will cause an increase in the value of /, and, when the values for the ratio 
W are low, this effect becomes appreciable. 

Values for R and P were calculated from experimental data obtained 
here and from those reported in the literature. These values are recorded 
in Tables Il and III. The values for R ranged from 1.7 to 3.8, and those 
for P from 2.7 to3.8. Although it is preferable to determine these param- 
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eters for each liver in which the glucose ratios are obtained, we have, for 
the purpose of subsequent calculations, chosen mean values of 2.7 and 3.1 
(from Table II1), respectively, for R and P. 

Calculated values for the contribution of glycolysis to (1) the glucose- 
derived COs, and (2) the total glucose catabolized, 7.c. are shown 
in the last two columns of Table I. When glucose was the sole substrate, 
the values for / ranged from 83 to 98 per cent. In other words, in some 
cases, practically all of the glucose-derived CO:, arose via glycolysis. Un- 
der these same conditions, the values for F ranged from 61 to 94 per cent. 
When lactate, acetate, and gluconate were added to the medium in addition 
to the labeled glucose, the values for F and F were depressed and, as pre- 
viously noted, the C“QO, yields from glucose-E-C"™ and glucose-6-C™ were 
depressed to a much greater extent than those from glucose-1-C". From 
this it may appear that the additions to the incubation medium reduced the 
amount of glucose that was metabolized via glycolysis without affecting 
the operation of the direct oxidative pathway. It is also possible that 
glucose catabolism via glycolysis was not affected, but that the C™ activity 
was trapped in the large lactate pool. 

It was also observed that the additions caused a doubling in the incor- 
poration of labeled glucose into liver glycogen. Thus, in the presence of 
these additions, the percentages of the labeled glucoses recovered in glyco- 
gen were increased from 4 to 5 per cent to 9 to 10 per cent. 

It is significant that variations in the experimental conditions greatly 
affect the values for the ratios U’ and W. Whereas, under our conditions, 
glucose seems to be catabolized primarily via the Embden-Meyerhof and 
Krebs cycle, other procedures of incubation or treatment of the rats may 
yield different patterns. 

The most critical assumption involved in the derivation of the equations 
is that glucose carbons 2 to 6 do not contribute to CO,. If, however, these 
carbons are oxidized to CO»,, the extent of the shunt will be greater than 
that calculated from Equations | to 5, and the discrepancy between the 
true and calculated values will be large for low values of the ratios U and W. 

With regard to liver slices, this assumption is valid if the pentose formed 
via the shunt is completely reconverted to glucose and mixes with the 
glucose pool. In liver slices, in which only a small fraction of the added 
glucose is oxidized, the contribution of the pentose moiety to CO, by 
secondary oxidation will not greatly affect the magnitude of the calculated 
values for F and Ff. On the other hand, in tissues in which glucose oxida- 
tion is large, the resynthesized glucose formed via the shunt will be exten- 
sively metabolized; in this case CO, formation from carbons 2 to 6 will be 
appreciable. As has been pointed out in the case of rat mammary gland 
slices which metabolize glucose rapidly (13) or in systems in which this 
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recycling of metabolized glucose is extensive, Equations 1 to 5 cannot be 
used. 

In the calculation of the fraction of the glucose catabolized via glycolysis, 
F, another assumption was made, namely, that carbons 3 and 4 of glucose 
are completely converted to CO». The validity of this assumption may be 
questioned, since C™ was always detected in lactate (see Fig. 2). The 
radioactivity incorporated into lactate was variable but quite low. Under 
other experimental conditions (14), however, the C™ incorporation into 
lactate may be larger, and in such cases the amount of glucose catabolized 
via the Embden-Meyerhof scheme will exceed that calculated by Equations 
3 to 5. Thus when CO, production is used to estimate the relative con- 
tributions of these two pathways, FE provides a more reliable index than 
does F. 


Concerning Mechanism of Hexose Monophosphate Shunt 


Chromatographic Patterns Observed in Metabolism of Glucose-1-C™, -6-C™, 
and -E-C™ 


The products of the water-soluble fraction of the incubation mixture 
were examined by a chromatographic, radioautographic procedure similar 
to that reported for acetate-C™ (8). Typical chromatograms obtained in 
experiments with glucose-1-C™, glucose-6-C™, and glucose-E-C™ are shown 
in Fig. 2. About 90 per cent of the C™ in the water-soluble fraction was 
present as glucose, and the remaining C™ was accounted for by six or 
seven compounds, the most active of which was lactate. Glutamic acid, 
glutamine, and alanine were also identified. With the level of C™ used in 
these experiments, incorporation into any compound of as much as 0.5 per 
cent of the added C™ could be detected on the chromatogram. No signifi- 
cant differences in the chromatographic patterns were discernible when 
the experiments were carried out with labeled hexoses of high specific 
activity (Table IV). If the shunt did play a major réle in glucose catabo- 
lism in liver, a considerable difference in the chromatographic patterns 
should have been detected. 

The C™O, ratios (U and W) and the chromatographic data can be ex- 
plained on the basis of two possible mechanisms: (a) the exchange between 
C-1 of glucose and COs, and (b) the reconversion of the pentose moiety 
into glucose. 

Exchange between C-1 of Glucose and CO.—The reversibility of the de- 
carboxylation of phosphogluconate has been demonstrated (15), and the 
possibility that this reaction accounts for some CO, fixation was suggested. 
To test this possibility, liver slices were incubated with C'*-labeled bicar- 
bonate in the presence of unlabeled glucose or ribose. The C'-glucose 
formed during the course of the incubation was isolated chromatographi- 
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Fic. 2. Radioautographs of chromatograms obtained from rat liver slices incu- 
bated with variously labeled C'-glucoses. In A, B, and C, chromatograms obtained 
from the liver of the same rat (Rat 20, Table 1). The C™ activities of the labeled 
glucoses incubated were not identical, and the radioautographs were intentionally 
overexposed to show the less active compounds. In D, chromatogram obtained with 
a glucose sample of considerably higher specific activity than used in the other ex- 
periments, 


cally and degraded. The results are shown in Table V. Most of the C™ 
was equally distributed between carbons 3 and 4, and no significant fixation 
of CO, into the aldehyde carbon occurred. Thus, the operation of an 
exchange mechanism in our system would appear to be excluded. 
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Tas.Le IV 


Chromatographic Analysis of Water-Soluble Compounds Derived from 
Metabolism of Glucose-E-C™ and Glucose-1-C™ by Rat Liver Slices 


The experimental conditions were the same as those described in Table 1, except 
that about 0.1 mg. of a labeled glucose containing 10 wc. was used as substrate. The 
chromatographic procedure is described in the text. The values for the glucose- 
1-C'* experiment were determined from the chromatogram represented in Fig. 2, D. 


Distribution of C™ on chromatogram in 


Substrate — 
Gluta- Aspar- Glucosyl- Uniden- 
Glucose Lactate Alanine Origin tified 
percent percent percent percent percent percent percent per cent 
03 1.2 0.9 0.5 1.2 1.0 1.4 


Glucose-1-C™ 91 18 | 09 | 1.0 10] 1.8} 1.4 


TAaBLe V 
Distribution of C' Recovered in Glucose Derived from Ribosg-1-C™ 
250 mg. of rat liver slices incubated with 3 wmoles of ribose-1-C''. Conditions 
similar to those deseribed in Table I. The additions of lactate, acetate, and glu- 
conate were the same as those described in Table I. 
Per cent of total C' 


Experiment No Substrate Glucose carbon No. recovered in in- 


| dividual carbons 


1 + 12* C'). + unlabeled ribose 


l 5 

| | 2 | 4 

| | 3 | 43 

| 4 | 43 

| 5 4 

| 6 | 1 

10a + Ribose-1-C' 1 43 
2 | 4 

| 3 | 42 

| 4 | 5 

5 | 3 

6 3 

10h + 12b* Ribose-1-C™ + additions 1 44 
2 3 

3 40 

4 5 

5 | 6 

( | 2 

Rats 13-15* | Ribose-1-C™ l | 36 
| | 2 5 

| 3 36 

| 4 11 

5 6 

6 6 


* The glucose samples were pooled for purposes of degradation. 
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Ribose Metabolism by Rat Liver Slices—To test for the second mechanism, 
rat liver slices were incubated with ribose-1-C™. It was catabolized to 
CQO, and readily converted to glucose. As shown in Table VI, the C™O, 
yields varied from 3 to 10 per cent when ribose served as sole substrate. 
The C™Os, recoveries were, however, markedly depressed by the addition of 
unlabeled lactate, acetate, and gluconate. When the aqueous extracts 
were examined chromatographically, the predominant C-labeled com- 
pound found was glucose, and very little C“ was detected in other com- 
pounds (Fig. 3). In one experiment (Rats 13, 14, and 15), all of the added 
ribose was utilized, but in Experiments 10a, 12a, 20, and 21, the utilization 
of the ribose did not proceed to this extent. In Experiments 10b and 12b, 


TABLE VI 


Oxidation of Ribose-1-C'* and Its Conversion to C“-Glucose by Rat 
Liver Slices 


For the description of the experiments see Table V and the text. 


| Distribution of on chromatogram 


Rat | Additions to - 
Flask dded C™ re- 
| | — covered as Glucose Ribose Others 
| | per cent per cent per cent 
10 a | None | 4.7 77 21 2 
b + | 1.1 | 65 34 1 
11 a None 8.1 | 79 20 l 
b + | | 
13 None 5.0 8! 0 19 
14 | “ 10.0 ae 0 20 | 
15 | ” 7.3 76 | 0 | 24 | 
20 | “ 4 45 | 48 | 7 
6.7 | 56 | 38 6 


— 


| 


in addition to C'*-glucose and C™-ribose, the only other labeled compound 
detected was lactate. In Experiments 10a, 12a, 20, and 21, some of the 
C™ was also found in alanine and glutamic acid. In the experiments with 

Rats 13, 14, and 15, in which no C-labeled ribose remained at the end of | 
the incubation period, the C™ incorporation into compounds other than 
glucose amounted to about 20 per cent. Most of this 20 per cent was 
present in three unidentified compounds that were not observed in the 


other experiments, and the most prominent occupied a position overlapping 
that of urea. 
Although the presence of ribokinase in microorganisms has been demon- a f 
strated (16), the existence of ribokinase has not hitherto been reported in 
animal tissues. Our findings, in conjunction with the well deseribed con- | é 
version of pentose phosphate to hexose phosphate (17), suggest the ex- : 


istence of an active ribokinase in rat liver. 


| 
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The mechanism of the conversion of a pentose phosphate to a hexose 
phosphate has been extensively studied at the enzyme level, and the results 


A Lactate 
: 
oO 
ad 
Glucose a 
RIBOSE-I-c'* 55 
(1b) Glucose RIBOSE-!-C 
PHENOL-H,O— 
a 
(wy 


BUTANOL -ACETIC ACID-H,0 — 


Glucose 
Glutamine 
RIBOSE 
PHENOL -H,0 —> ADDITIONS 04) 


Fig. 3. Radioautographs of chromatograms obtained from rat liver slices incu- 
bated with ribose-1-C'™. The numbers in parentheses refer to the rat numbers (see 
Table VI). Chromatograms A and C were exposed for | week; Chromatogram b 
for 2 weeks. 


are discussed in several reviews (16, 18-21). Thus far, studies on this 
conversion in rat liver slices have not appeared. The conversion of ribose 
to hexose can be formulated by two schemes. These schemes merely 


Me 
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represent abbreviated reaction sequences elaborated by other workers. 
Only the carbon skeletons of the compounds involved are considered. The 
first scheme represents the conversion of 2 ribose molecules to 1 of glucose 
and 1 of tetrose (Scheme A). 


1C 1C 
iC 
2 


4C 4C 
| | 
5C 5C 5C 5C 
2 pentose — heptose + triose —> hexose +  tetrose 
ScHEeME A 


The tetrose can act as a glycolaldehyde acceptor, which is donated by a 
pentose molecule, giving rise to a hexose and a triose. Thus the over-all 
result can be expressed as presented in Scheme B. 

It should be noted that, since the triose can also be resynthesized into 
glucose, Scheme B provides for the complete conversion of a pentose to a 


hexose. 


1C 
| | 
2C 2C 2C 
| | | 
1C 2C 


5C 4C 4C 4C 

| | | 

5C 5C 5C 
3 pentose hexose + hexose +  triose 
ScuemMe B 


According to Schemes A and B, with ribose-1-C"™ as substrate, only car- 
bons 1 and 3 of the resulting glucose will be labeled. In the case of Scheme 
A, the ratio of C“ in carbon 1 of glucose to that in carbon 3 will be 1, and, 
in the case of Scheme B, the value for this ratio will be 2. 

The results of the degradation of glucose formed from ribose-1-C", in 
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three experiments, are recorded in Table V. Most of the activity was 
found in carbons | and 3, and the observed ratio was about 1. Thus, our 
finding served to support Scheme <A. 

The low C" activity of carbon 2 of glucose is of interest. If the 1 ,3-C'- 
hexose phosphate formed from ribose-1-C' is further metabolized via the 
shunt, hexose phosphate with C™ activity in carbon 2 will be formed by 
another turn of this cycle. The absence of significant activity in this 
carbon indicates that, in rat liver slices, the formation of free glucose from 
hexose phosphate, with subsequent mixing of such glucose with the general 
glucose pool, is much faster than the over-all operation of the shunt. 

The C™O, yield from glucose-1 ,3-C'™ will be higher than that from 
glucose-1-C™, and the observed C™QO, yields from ribose-1-C™ can be 
accounted for readily by the metabolism of such labeled glucose. 

Our results suggest the formation of a tetrose which does not serve as an 
acceptor for the glycolaldehyde derived from pentose or heptose. This 
was unexpected, since the results of Racker et al. (22) and of Horecker 
et al. (17) imply that the tetrose can act as an acceptor. 

Horecker ef al. (17) studied the conversion of ribose-5-phosphate-1-C™ 
into hexose phosphate by a rat liver enzyme preparation and found 74 and 
24 per cent of the C™ in glucose carbons | and 3, respectively. This result 
was considered to be in fair agreement with Scheme B. Experiments 
with ribose-5-phosphate-2 ,3-C™ also were in line with the operation of 
Scheme B; 7.e., 3 pentose — 25 hexose. The results obtained here with 
rat liver slices apparently are at variance with those obtained with cell- 
free preparations. 

We have found no evidence for the accumulation of a tetrose, and, 
because of the high efficiency of the conversion of the pentose to hexose 
in many systems (23), it is suggested that the tetrose in some way is con- 
verted to glucose. This problem is under further investigation. 


SUMMARY 


1. The catabolism of glucose-1-C™ and -6-C™ and evenly labeled glucose- 
C" of rat liver slices was studied. 

2. The C™O, yields observed in experiments with glucose-E-C™ and 
-1-C™ were about equal and about 3 times those observed with glucose-6- 
CH, 

3. The addition of a mixture of 50 umoles each of lactate, acetate, and 
gluconate greatly depressed C™Q. formation from both glucose-E-C™ and 
-6-C™, but had little effect on the CO. derived from the glucose-1-C™. 

4. Equations for calculating the extent of glucose metabolism in rat 
liver slices via the Embden-Meyerhof-Krebs route and the hexose mono- 
Phosphate shunt are discussed. It was calculated, for rat liver slices, 
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that 83 to 98 per cent of glucose-derived CO. was formed glycolytically, 
and that 61 to 94 per cent of the total utilized glucose was catabolized 
glycolytically. When lactate, acetate, and gluconate (0.02 m) were added, 
a greater portion of the glucose catabolized apparently proceeded via the 
hexose monophosphate shunt. 

5. The products of the metabolism of glucose-1-C™, -6-C™, and -E-C'™ 
were examined by paper chromatography, and the metabolic patterns of 
all three labeled sugars were found to be similar. The significance of this 
finding is discussed. 

6. Rat liver slices converted free ribose to glucose. It is therefore 
suggested that liver contains an active ribokinase. Glucose derived from 
ribose-1-C' was isolated and degraded, and the C™ distribution in its 
carbons was determined. The C™ was equally distributed in carbons | 
and 3, with no significant incorporation in the other carbons. These 
results suggest that the pentose formed by the decarboxylation of 6-phos- 
phogluconate is resynthesized into glucose by rat liver. 
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tabolism, Vickery, 323 
Ornithine: Stachydrine biosynthesis, 
relation, Leete, Marion, and Spenser, 
71 
Oxidase: Amine. See Amine oxidase 
Monoamine. See Monoamine oxidase 
Palmitate. See Palmitate oxidase 
Oxygen: Consumption, tissues, vitamin 
ki effect, Rosenkrantz, 789 


P 


881 


Phosphatide(s): Soy bean, phosphatidy! 


Palmitate oxidase: Plant, glycolic acid | 


relation, Castelfranco, Stumpf, and 
Contopoulou, 567 


Pancreas: Lipase, triglyceride digestion, | 


effect, Mattson and Beck, 115 
Pea: Aphid, carbohydrate oxidation, 
Newburgh and Cheldelin, 


37 


Pentobarbital: Metabolism, radioactive | 


indicators in study, Titus and Weiss, 

807 

Pentose: Cycle, Acetobacter suborydans, 

dihydroxyacetone oxidation, rela- 
tion, Hauge, King, and Cheldelin, 


_ Porphyrin: Uro-. 


Peptidase: Carboxy-. 
tidase 


See Carboxypep- 


Tri-. See Tripeptidase 
Peptide(s): Di-. See Dipeptides 
Peroxidase: Tryptophan. See Tryp- 


tophan peroxidase 
Uterus, estrogen effect, Lucas, Neu- 


- Protein: Blood serum lipoprotein, Hill- 


feld, Utterback, Martin, and Stotz, | 
775 


Phosphatase: Gilucose-6-. See Glucose-— 


6-phosphatase 


ethanolamine preparation, Schol- 
field and Dutton, 633 
Phosphatidyl ethanolamine: Soy bean 
phosphatides, preparation, Schol- 
field and Dutton, 633 
Phosphorus: Ribonucleic acid, metab- 
olism, Sacks, Hurley, and Young, 
723 
Phosphorylase: a, trypsin effect, Keller, 
135 
-Rupturing enzyme, purification and 
properties, Aeller and Cori, 127 
—, trypsin substrates, effect, Keller 
and Fried, 143 
Phosphorylation: Azide effect, Robertson 


and Boyer, 295 
Oxidative, mitochondna, diabetes, 
Parks, Adler, and Copenhaver, 693 


Phosphoserylglycine: Diisopropylphos- 
phoryl chymotrypsin conversion to, 
Schaffer, Harshman, and Engle, 

799 

Photosynthesis: Bacteria, acetone me- 

tabolism, Siegel and Smith, 475 


_ Phycomyces: Leucine, labeled, conver- 


sion to carotene, Chichester, Na- 
kayama, Mackinney, and Goodwin, 
515 
Plant(s): Fat metabolism, Castlelfranco, 
Stumpf, and Contopoulou, 


567 

Palmitate oxidase, glycolic acid rela- 
tion, Castelfranco, Stumpf, and 
Contopoulou, 567 


Pneumococcus: Mannitol metabolism, 
Marmur and Hotchkiss, 383 
See Uroporphyrin 
Waldenstrém, Watson and Berg, 
537 
—, preparation and properties, Watson, 
Berg, and Hawkinson, 5AT 


yard, Entenman, Feinberg, and Chai- 
koff, 79 
Lipo-. See Lipoprotein 
-Low diet, liver fat, Benton, Harper, 
Winje, and Elvehjem, 677 
Putrescine: Requirement, Hemophilus 
parainfluenzae, Herbst, Glinos, and 
Amundsen, 175 
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Pyramidon: See Aminopyrine 
Pyruvate: Carbon 14-labeled, liver glu- 
cose and glycogen carbons, diabetes, 
relation, Landau, Hastings, and Nes- 
bett, 525 
Oxidation, meso-tartrate effect, Quastel 
and Schole field, 245 


Rhodopseudomonas gelatinosa: Acetone 
metabolism, Siegel and Smith, 475 
Ribonucleic acid: Liver, de Lamirande, 
Allard, and Cantero, 519 
Phosphorus, metabolism, Sacks, Hur- 


ley, and Young, 723 
Serine: Biosynthesis, Alezander and 
Greenberg, 821 
—, mechanism, Aisliuk and Sakami, 

47 
Smut: Fungus, wheat, carbohydrate 
oxidation, Newburgh, Claridge, and 
Cheldelin, 27 


Sorbitol: Carbon 14-labeled, liver and 
muscle glycogen from, Hers, 373 
Sorbose: L-, carbon 14-labeled, L-ascor- 
bic acid and v-glucose from, Burns, 


Mosbach, Schulenberg, and Reichen- 


thal, 507 
Soy bean: See Bean 

Stachydrine: Biosynthesis, ornithine 

relation, Leete, Marion, and Spenser, 

71 


Sucrose: Biosynthesis, Cardini, Leloir, 
and Chiriboga, 149 
Sucrose phosphate: Biosynthesis, Leloir 
and Cardini, 157 
Sulfhydryl group(s): Yeast glyceralde- 
hyde-3-phosphate 
methyl mercury nitrate reaction, 
Halsey, 589 


T 


Tartrate: meso-, pyruvate oxidation, 
effect, Quastel and Schole field, 245 

Thyronine: Triiodo-. See Triiodothy- 
ronine 


dehydrogenase, 


| 
| 
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INDEX 


Thyroxine: Bacterial oxidation, effect, 
Wainfan and Marz, 441 
Metabolism, eviscerated rat, Flock and 
Bollman, 709 
Tilletia caries: See Smut 
Tissue culture: Amino acid require- 


ments, Eagle, S39 
Tobacco: Leaves, t-malate solutions, 
culture effect, Vickery, 323 


—, organic acids, metabolism, Vickery, 
323 
Mosaic virus, carboxypeptidase action, 
Harris and Knight, 215 
Knight, 231 
Tomato: Bushy stunt virus, de Fremery 
and Knight, 559 
Transketolase: Crystalline, yeast, isola- 
tion and properties, de la Haba, 
Leder, and Racker, 409 
Tricarboxylic acid: Cycle, ferrous ion and 
ascorbic acid relation, Takeda and 
Hara, 657 
Triglyceride(s): Digestion, lipase, pan- 
creas, effect, Mattson and Beck, 


115 


Triiodothyronine: Metabolism,  evis- 
cerated rat, Flock and Bollman, 


709 


Tripeptidase: Dipeptides, action, Davis 

and Smith, 209 

Trypsin: Diisopropylphosphory! chymo-. 

See Diisopropylphosphory!l chymo- 

trypsin 

Phosphorylase a, effect, Keller, 135 

Substrates, phosphorylase-rupturing 
enzyme, effect, Aeller and Fried, 

143 

Tryptophan: p-, metabolism, Langner 

and Berg, 699 


Requirement, amino acid imbalance, — 


relation, Sauberlich and Salmon, 
463 
Tryptophan peroxidase: Hormones, ef- 
fect, Anox and Auerbach, 307 


- Tumor(s): Catalase, Seabra and Deutsch, 


447 


U 


Uroporphyrin(s): Watson and Berg, 
537 
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Watson, Berg, and Hawkinson, 5A7 WwW 
Uterus: Peroxidase, estrogen effect, Waldenstrém: Porphyrin, Watson and 


Lucas, Neufeld, Utterback, Martin, 
and Stotz, 775 


Vv 


Virus: Tobacco mosaic, carboxypepti- 
dase action, Harris and Knight, 
215 
Knight, 231 
Tomato bushy stunt, de Fremery and 
Knight, 559 
Vitamin: Bg, liver glutaminase, effect, 
Beaton and Ozawa, 685 
deficiency, Rosenkrantz, 789 
—, oxygen consumption, tissues, effect, 
Rosenkrantz, 789 


Berg, 537 

—, preparation and properties, Watson, 
Berg, and Hawkinson, 547 
Wheat: Smut fungus, carbohydrate oxi- 
dation, Newburgh, Claridge, and 
Cheldelin, 27 


Y 


Yeast: Glyceraldehyde-3-phosphate de- 
hydrogenase sulfhydryl groups, 
methyl mercury nitrate reaction, 
Halsey, 589 

Transketolase, crystalline, isolation 
and properties, de la Haba, Leder, 
and Racker, 409 
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